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Abstract
Acid-catalysed hydrogen isotope exchange reactions are one of the most widely used 
methods for introducing deuterium into organic compounds. However, most of the 
exchange reactions require high temperatures and long periods of time. It was believed 
that a large decrease in the reaction times could be obtained using microwave irradiation. 
For organic compounds to benefit from the interaction with microwaves they, or the 
solvent in which the reaction is to be studied, need to be polar. Alternatively, the 
reactants need to be made more polar and one way of doing this, which is ideal for 
nitrogen-containing compounds, is via protonation and the formation of ionic salts. Here 
are illustrated such possibilities and for the present investigation chosen substituted 
anilines, pyridines and fused rings have been chosen.
Microwave ovens, domestic (Matsui M l 67 BT, 750 W) and commercial (Synthewave 
402 Reactor/Prolabo) were used throughout the work. The NMR spectra were obtained 
using a Bruker AC 300 instrument operating at 300 MHz for lH and 46 MHz for 2H (* H 
decoupled). For all compounds it was customary to obtain the *H NMR spectra before
9 1and after microwave irradiation and to compare these with the H ( H decoupled) spectra. 
Using non-exchanging groups such as -CH 3, -OCH3 etc. as internal standards, allowed 
the % deuteriation to be calculated.
The microwave-enhanced acid-catalysed hydrogen-deuterium exchange reaction of a 
number of aromatic amines and nitrogen-containing heterocylic compounds has been 
achieved extremely rapidly (<30 min) via their hydrochloride salts.
The results serve to show the considerable time saving that can be achieved using 
microwaves. The high purity of the readily isolated products, the good deuterium 
incorporation and the excellent regioselectivity are additional, attractive features of these 
microwave-enhanced reactions.
The superheating effect of a number of organic solvents has also studied, which results in 
boiling points being raised by up to 36 °C above their conventional values.
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CHAPTER ONE 
Microwave Chemistry
l
Chapter 1: Microwave Chemistry
1. Microwave Chemistry
Microwave research, developed during Word War II, has continued over the last 45 
years although interest in it has been cyclical. With the introduction and active 
marketing of domestic microwave ovens in the 1960s and 1970s, there followed the 
widespread application of this technology in the food industry1'5. The first application 
in chemical research was reported in the early 1970s, when gas-phase discharge was 
applied to study the decomposition of simple organic compounds6. By the early 1980s, 
two patents had appeared concerning polymer chemistry and one concerning starch 
derivatisation.
However, when significant rate accelerations for reactions carried out in a conventional 
microwave oven7,8 were observed in 1986, this led to increased attention being paid to 
reactions carried out while subject to dielectric heating. But it has not been without its 
share of initial problems with explosions and rupturing of reaction vessels being 
reported. However these difficulties were soon overcome and microwave equipment 
has been further improved. In addition, more advanced microwave ovens were 
designed. Moreover, discussion on the causes of microwave reaction rate 
enhancements, temperature monitoring and control, and trials of large-scale reactions 
in microwave ovens ensued so that microwave heating has become widely accepted 
in both the laboratory and in larger scale industrial environments9,10.
Since 1986 the chemical applications have been extended to almost all areas of 
chemistry. These include the treatment of rubber1,11, preparation of samples for 
analysis12' 14 applications to waste treatment15,16 , polymer technology17 , drug 
release/targeting18; ceramics19 and alkane decomposition. The technique has also found 
use in studies of decomposition processes, including the hydrolysis of proteins and 
peptides20,21. Application to organic, inorganic and solid state synthesis has also been
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shown to have significant advantages3,7,8’22'33. Patents have been taken out covering 
applications in these and many other areas including pharmaceutical compounds34'38.
1.1 Microwaves
Microwaves are part of the electromagnetic spectrum between the infra-red and radio- 
frequencies, with wavelengths between 1 cm and 1 m, with corresponding frequencies 
between 3 x 1010 and 3 x 108 Hz (Figure 1).
Infra -  red Microwaves Radio-frequencies
< -----------------------------------—>
RADAR bands**
Wavelength 1 cm 1 0  cm 1 m 1 0  m
Frequency 3 x 1010Hz 3 x 109 Hz 3 x 108 Hz 3 x 107 Hz
Figure 1. Microwaves in the electromagnetic spectrum .
With microwave frequencies, the shorter wavelengths between 1 and 25 cm are used 
for RADAR bands and the longer wavelengths for telecommunications1. To prevent 
interference, recognised frequencies within the microwave spectrum have been 
internationally agreed for domestic, industrial, scientific and medical equipment (ISM 
purpose).
The most widely used ISM frequency is 2.45 GHz (2450 MHZ) - the frequency used in 
domestic microwave ovens. The frequencies 896 MHz in the UK, and 915 MHz in 
North and South America (usually jointly referred to as 900 MHz) are used for 
industrial purposes. Most other European countries permit 433.9 MHz. The UK band at 
896 MHz is not permitted in Europe, where the frequency is allocated to cell networks.
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With European harmonisation, it is likely that a new European band of 935 MHz will 
be allocated for ISM purposes to replace 896 MHz.
Currently domestic microwave ovens use 2.45GHz (wavelength 12.2 cm) and for 
larger industrial applications, 900 MHz (wavelength 33 cm). The use of other 
frequencies is allowed only when there is shielding to prevent any radiation loss. 
Furthermore, with the greater frequency and the shorter wavelength, the less the 
penetration into an absorbing material. The penetration depth of a highly absorbing 
material is between 1 and 2 cm at 2.45 GHz and about 5 cm at 900 MHz. At greater 
depth, the material is heated by conductive heat transfer.
1.2 Fundamental Theory
A dielectric material is one which contains either permanent or induced dipoles which 
when placed between two electrodes acts as a capacitor, i.e. the material allows charge 
to be stored and no dc conductivity is observed between the plates. The polarisation of 
dielectric arises from the finite displacement of charges or rotation of dipoles in an 
electric field and should not be confused with conduction which results from 
translational motion of the charges when the electric field is applied. At the molecular 
level polarisation involves either the distortion of the distribution of the electron cloud 
within a molecule or the physical rotation of molecular dipoles39*42. The latter are 
particularly significant in the context of microwave dielectric heating. The permittivity 
of a material, s, is a property which describes the charge storing ability of that 
substance irrespective of the samples dimensions. The dielectric constant or relative 
permittivity is the permittivity of the material relative to that of free space, and Table 1 
gives some representative values5,43.
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Table 1. Values of relative permittivity (dielectric constant) at 20 °C for 
some common solvents5,43.
Solvent Dielectric constant (es)
Benzene 2.3
Carbon tetrachloride 2 .2
Chloroform 4.8
Acetone 21.4
Ethanol 25.7
Methanol 33.7
Water 80.4
Ethyl ether 4.4 (at 18 °C)
As mentioned in section 1.1, microwaves are electromagnetic waves in the frequency 
region 0.3 to 300 GHz. Electromagnetic field theory38 generally regards matter as 
charges, electric or magnetic dipoles or combinations thereof. The interaction of the 
electromagnetic field with matter is described by the Lorentz force (F)
F = qE  + juqvxH (1)
Where E  is the electric interaction, H  is the magnetic interaction, q is charge of the 
particle, // is magnetic peimitivity and vis microwave frequency. It can be shown that 
only the electric factor of the Lorentz force is active in the energy transfer between the 
field and non-ferromagnetic matter. However, microscopic, non-heating, magnetic 
effects may possibly also contribute to enhancements observed when performing 
chemical reactions with the aid of dielectric heating.
If free electric charges are not present, then the interaction between the microwave 
field and the sample can be described as an interaction between electric field and a set 
of electric dipoles. The polarisation, P, is the response of a sample to an electric field E
P = £o%eE (2)
5
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where %e is the electric susceptibility of the sample. It, in turn, is related to the electric 
permittivity of the sample through
8 = 8 0 ( 1 + X e )  ( 3 )
where so is the electric permittivity in vacuum. The applied field creates a current in the 
sample which can be expressed as a vector sum of the polarisation currents (describing 
the transport of ions or electrons). At high frequencies the inertia of the molecular 
system causes the polarisation vector P  to lag behind the applied field E. This implies 
the variation with time of the applied field by an effective difference 8 , which defines 
the tangent loss factor, tan 8 . The average microwave power converted into heat per 
unit volume is given by equation (4),
Pave = rt v 8  tan 8 |£ f  (4)
where v is the microwave frequency and s is the relative electric permittivity. The 
tangent loss factor is dependent on and proportional to the electric conductivity and the 
polarisability of the chemical sample, which is why polar or ionically conducting
chemical samples are required for chemistry to be performed in a microwave field; it
may also create microscopic displacements of the electrons within a molecule. Such 
displacements have a time scale of 1 0"14 s or less while the time scale of the microwave 
field is around 10‘9 to 10' 11 s. A polarisable molecule thus may first become polarised 
and then begin to be rotated by the action of the applied electric field. While the 
electric motion within a molecule does not create significant heat, the rotation of a 
dipole surrounded by other molecules will. Gabriel et al5. have discussed in detail the 
rotation of permanent and induced dipoles, both formally and for various solute- 
solution mixtures.
In order to achieve efficient heating with microwaves, equation (4) tells us to optimise 
the electric field component of the microwave field in the sample. This is, however, not
6
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the only factor to consider; most solvent and solute mixtures have, as described above, 
non-zero electrical conductivities, a, which contribute to the heating process. Nor can 
the vessel be arbitrarily chosen since the penetration of the microwave field is 
geometry as well as sample dependent. Electromagnetic field theory defines the skin- 
depth, A, that describes how deeply the D-field penetrates into a sample before it 
reaches the strength 1/e (~ 37% of its initial amplitude).
D(d) = Eo exp {-d/£)
A =(//OTtv) - 1/2 (5)
where Eo is the amplitude to the field just inside the surface of the conducting chemical 
sample, d  is the distance from the surface and // is the magnetic permeability. 
Therefore the average dissipated power per unit volume follows the relation
Pave (d) oc exp(-2d /A) (6 )
The penetration depth, Dp, is defined as the distance from the surface of the material at 
which the power has decreases to 1/e (~ 37%) of its value at the surface. Measurements 
of the penetration depths for a number of substances, temperatures and microwave 
frequencies have been reported by Ohlsson et al.44 When designing experiments the 
size of the sample is important. The commonly used domestic oven magnetrons have a 
frequency of 2.45 GHz corresponding to a vacuum wavelength of 12.25 cm while the 
penetration depth for that frequency of most solvents ranges is of the order of a couple 
of millimeters. This implies that it may be helpful to perform initial investigative 
reactions on a small scale of a few milliliters where the influence of the microwave 
field is easier to handle than in larger scale systems.
7
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1.3 Equipment
1.3.1 Modification of Domestic/household Microwave Ovens
The more widely used equipment for organic synthesis on a laboratory scale is the
domestic oven which is a multimode instrument45 (Figure 2).
Magnetron
Mr \  /
\  / 7 V 
/
Figure 2. Domestic Multimode Oven45.
There are a number of published methods for the safe modification of microwave 
ovens6. The improved safety of this type of system is particularly attractive; the 
advantage of modifying an oven in this way is that the reaction vessel is neither sealed 
or directly open to the microwave oven; thus reactions can be carried out using a flask 
attached to a reflux condenser. There are two advantages of using this type of system 
(i) a wide variety of solvents can be used because the fire hazard is significantly 
reduced compared to an open vessel system (ii) reactions can be carried out under inert 
conditions. Recent reports have also detailed the use of continuous microwave reactors 
for organic transformations46,47. The relatively low cost of modem domestic 
microwave ovens makes them readily available to academic and industrial chemists; 
however somewhat surprisingly only a relatively small number of organic synthesis
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research groups have reported their use6. One disadvantage is that the variable power 
levels are produced by simply switching the magnetron on and off; this may be 
problematic if reaction mixtures cool down rapidly. Notwithstanding, this limitation 
there are a number of useful reactions that one can carry out in a domestic microwave 
oven.
1.3.2 Commercial Systems
The commercial system is a more expensive way of carrying out microwave assisted 
organic reactions. For microwave chemistry a number of systems have been 
developed6,45 -  all of these are Monomode Reactors (Figure 3). This type of system 
operates with a rotating carousel, so that a number of reaction vessels can be irradiated 
and agitated at the same time. The vessels are made of poly(etherimide) with Teflon 
inserts and it is possible to monitor both the internal temperature and pressure of the 
reaction. Additional advantages of this type of system are the incorporation of a 
“microwave active” dummy load to protect the magnetron and the more reliable, 
accurately controlled and continuous source of microwave radiation used.
The monitoring of temperature is a significant issue if one is attempting to compare 
microwave and conventionally heated reactions. A number of approaches have been 
used including the use of a fibre optic probe, a gas thermometer, thermochromic paints 
and infrared pyrometry6.
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Cold
Hot
Very hot
Magnetron Wave Guide Sample
\ Figure 3. Monomode Reactor45.
1.4 Experimental Considerations
In a microwave oven radiation is generated by a magnetron; the microwaves are 
introduced into the cavity by a waveguide and reflected by the walls of the cavity. If 
the microwaves are not absorbed they may be reflected back down the waveguide and 
damage the magnetron, thus it is essential to have a microwave active “dummy load” 
which will absorb excess microwaves and avoid such damage. There are a variety of 
methods for carrying out microwave assisted organic reactions using domestic or 
commercial ovens.
1.4.1 High pressure conditions
The remote nature of the coupling between the microwave source and the sample 
allows the direct heating of solvents held in sealed microwave-transparent containers. 
The rate enhancements shown in reactions under microwave irradiation are increased
l t t 
\ t j
111
t
w
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by the effects of pressure on the solvent boiling point which result in a much higher 
reaction temperature. In the earliest work in this area, Gedye et al.7,9 and Gigure et al8. 
performed a variety of reactions in screw-capped teflon vessels, the latter using the 
melting points of a variety of compounds to estimate the temperature reached in the 
vessels. Using 150cm3 vessels for the reactions, Gedye et al. reported dramatic rate 
increases of up to 240 times the conventional method. Similar results were also 
reported by Giguere. The volume of the vessel, solvent : space volume ratio, and 
solvent boiling point all affect the rate increases which are observed.
1.4.2 Vessels
Microwave assisted reactions can, under appropriate conditions, be carried out using 
conventional vessels such as Pyrex, PTFE etc. However, if reactions are to be carried 
out under pressure in sealed systems the major concern is the ability of the vessel to 
withstand the changes in pressure and temperature associated with the particular 
transformation. The rapid increases in temperature and pressure associated with 
microwave promoted superheating of organic material makes it very difficult to ensure 
the safety of this type of procedure. It is essential that great precautions are taken when 
carrying out reactions in sealed vessels. The technology of vessel design is improving 
and a range of vessels are now available for carrying out reactions under pressure48; 
many incorporate pressure releasing systems as an additional safety measure. An 
alternative simple procedure suitable for small-scale experiments is to seal the reagents 
in pyrex vials, surround them in vermiculite and irradiate with microwaves, however 
great care must be taken when using this type of protocol.
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1.5 Mechanism of Microwave Heating
As mentioned previously the microwave region of the electromagnetic spectrum 
corresponds to wavelengths from 1cm to lm and frequencies from 30GHz to 300MHz. 
With microwaves, the energy transfer is not primarily by conduction as in conventional 
heating, but by dielectric loss. Thus, the propensity of a sample to undergo microwave 
heating is highly dependent on its dielectric properties.
The high quotient values (s /s = dielectric loss factor/dielectric constant) reflect the 
susceptibility to microwaves energy.
Materials dissipate microwave energy by two mechanisms: dipole rotation and ionic 
conduction. Dipole rotation refers to the alignment with the electric field component of 
the radiation of molecules that have permanent or induced dipoles. With microwave 
ovens at 2450 MHz, the field oscillates 4.9x109 times per second, and agitation of the 
molecules generates heat. The efficiency of heat transfer from dipole rotation will 
depend on the temperature and viscosity of the molecules. The second dissipation 
mechanism, ionic conduction, is the migration of dissolved ions with the oscillating 
electric field. Heat generation is due to frictional losses which depend on the size, 
charge, and conductivity of the ions and their interactions with the solvent.
Microwaves also increase the mobility of polar molecules and cause heating when 
intermolecular binding exist between polar molecules7,8,49,50.
1.6 Super-Heating Effects and Solvent Behaviour
1.6.1 Solvents
Microwave-organic reaction enhancement (MORE) chemistry was developed by Bose 
et al.51' 53 This method employs polar, high-boiling solvents in open vessels, and 
unmodified domestic microwave ovens. A solvent is chosen with dielectric properties
12
Chavter 1: Microwave Chemistry
suitable for efficient coupling of microwave energy, and rapid heating to temperatures, 
which, although high, are typically some 20-30°C below the boiling point53. Despite 
its convenience, a disadvantage of the MORE technique is its limitation to high-boiling 
polar solvents such as dimethyl sulfoxide, ethylene glycol, diglyme, triglyme, N- 
methylmorpholine, dimethylformamide, and 1,2 -dichlorobenzene, from which 
isolation of products can be difficult. Also, it would seem that regimes for disposal or 
recycling of these solvents should be developed, in order to substantiate the claim53 that 
the technique has advantages for environmentally benign chemical synthesis and 
processing. The approach has been adapted for lower-boiling solvents, such as toluene, 
by periodic interruption of the heating48. However, this modification not only precludes 
the high temperatures which are advantageous for the MORE strategy, but also 
generates a potentially serious fire hazard48. Enhancements in rates of reaction through 
superheating of solvents under microwave irradiation have been considered by several 
groups2,9,24,53. Baghurst and Mingos obtained boiling points up to 26 °C above 
equilibrium values at atmospheric pressure24.
We have also found superheating effects for many solvents, which result in boiling 
points being raised by up to 36 °C above their conventional values under microwave 
irradiation (details in Chapter 5). Superheating effects are widely believed to be 
responsible for the rate and yield increases which accompany many liquid phase 
reactions. Reports by a number of workers have suggested that other mechanisms 
peculiar to microwaves are responsible for some enhanced reactions, and these will be 
considered in the following sections.
The loss tangents of the solvents, which are related to the ability of the solvent to 
absorb energy in a microwave cavity, depend on the relaxation times of the molecules. 
These relaxation times depend critically on the nature of the functional groups and the
13
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volumes of the molecules. Functional groups capable of hydrogen bonding have a 
particularly strong influence on the relaxation times. The relaxation times of solvents 
decrease as the temperature of the solvent is increased.
Overall the method is more cost-effective (only simple glassware needed) and 
environmentally friendly (less solvent need).
It is particularly convenient that at least qualitatively, the larger the dielectric constant, 
the greater the coupling with microwaves, thus solvents such as water, methanol, 
dimethylformamide (DMF), ethyl acetate, acetone, chloroform, acetic acid and 
dichloromethane are all heated when irradiated with microwaves. Solvents such as 
hexane, toluene, diethyl ether, carbon tetrachloride, do not couple and therefore do not 
heat with microwave irradiation although it is of course possible to use mixtures 
comprising microwave active/microwave inactive solvents. Some microwave 
active/inactive components are given in Table 2.
Classical organic solvents such as benzene, petroleum ethers and carbon tetrachloride 
are transparent to microwaves and very little increase in temperature occurs on 
exposure to microwaves. However, the addition of small amounts of solvents/materials 
which do couple to microwaves can lead to a dramatic increase in temperature in the 
mixture1.
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Table 2. Microwave active/inactive components1
Couple efficiently Transparent to microwaves
Water Benzene
Alcohols Petroleum ethers
Acetic acid Carbon tetrachloride
Dimethyl formamide
Dimethyl sulphoxide
Diglyme
Graphite Diamond
Boron Glass
Fe3C>4 Fe20 3
V20 5 NaCl
W03
NiO
CuO
C0 2O3
Finely divided metal powders
1.6.2 Solids
Coupling of microwaves to solids is less common as the dipole moments of the 
molecules are fixed and rigid. Glass and PTFE (Teflon), the materials commonly used 
for containers in microwave ovens, are transparent to microwaves. However, materials 
which act as ionic conductors or semi-conductors exhibit very high loss tangents and 
heat very rapidly. In many cases the efficiency of heating increases with temperature to 
such an extent that thermal runaway and melting occurs. Some metal oxides couple 
with microwaves so efficiently that they melt within minutes (Table 2). Metals in
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microwave fields cause arching and electrical discharge. However, finely divided 
metal powders couple effectively without causing sparking in the microwave cavity. 
There is no predictable relationship between the applied energy and the dielectric 
heating produced in a novel system. The temperature achieved depends on the 
geometry and dielectric properties of the substance being irradiated.
1.7 Microwave Enhanced Reactions
Microwave cavities provide a clean and cheap alternative to conventional oil baths. 
Most conveniently, reactions may be run at atmospheric pressure in reflux systems in 
domestic ovens which have been modified to accept an appropriate condenser. As 
previously discussed, polar solvents are essential in microwave heating, and it is often 
necessary to adapt solvent systems in synthetic reactions to accommodate this. In 
substituting solvent systems for microwave synthesis, it is often the case that higher 
boiling point solvents are used. By doing this, it has been possible to enhance the 
efficiency of a number of syntheses52.
1.7.1 Non-solid-state reactions
It is possible to cany out reactions under traditional conditions in which the reagents 
are dissolved in an organic solvent. The experimental procedure can be extremely 
simple; reactions can be carried out in open Erlenmeyer flasks and subjected to short 
periods of irradiation20. It must be noted that this procedure can only be carried out if 
neither the solvent or the reactants or products are flammable, otherwise there is a 
serious risk of fire or explosion due to sparking. Included in this survey are a number 
of reactions which are carried out employing this method, usually using DMF 
(dimethyl formamide) as solvent. In addition to the significant practical simplicity of 
this type of procedure, it is sometimes found that volatile reaction by-products
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evaporate rapidly thus avoiding methods for their specific removal; reactions may also 
be carried out in sealed systems although there are also limitations to this
microwave oven then one of the components must be microwave active. If neither the
inorganic additives can easily reach temperatures in excess of 1000°C very rapidly and 
decomposition of materials may be problematic, therefore the same precautions 
regarding superheating and associated fire hazards or explosions should be taken.
Several groups have investigated the hydrogen transfer hydrogenation of substrates
(3-lactose in ethylene glycol using Pd/C (10%) and ammonium formate. The 
experiments were performed in a domestic microwave oven and he reported the 
reaction to be complete in less than 45 seconds with a temperature of around 110° C. 
Under these conditions both the hydrogenation of the double bond and cleavage of the 
benzylic C—N bond were observed (Figure 4).
approach3,22,29. Of course if one wishes to carry out a thermally driven reaction in a
reagents or solvents couple then it may be possible to use a microwave active additive 
or supported metal catalyst to generate heat7. It should be noted that some of these
using formic acid or formate salts. Bose52 was first to report the reduction of a-vinyl-
NH20 2CH 
Pd/C (10%)
N
ethylene glycol 
45 secs
OMe OMe
Figure 4. Hydrogen transfer reaction of sterol52.
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Further use of domestic microwave ovens was made by Dayal et al42, who investigated 
the transfer hydrogenation of various sterols and bile alcohols using microwaves 
(Figure 5). A domestic microwave oven was also successfully used in the catalytic 
transfer hydrogenation of benzaldehyde by Gordon et al54.
Pd/C (10%)
NH40 2CH
H(XH2CH2CH2OH/CH2a 2
(2:3)
 >-
Mcroweve inracSation <
4 rrins HO
Figure 5. Hydrogenation reaction of sterol42.
The Diels-Alder reaction of maleic anhydride with anthracene (Figure 6 ) was carried 
out with 90% yield in diglyme (B.P. 162 °C) in one minute under microwave 
irradiation1. The conventional synthesis in benzene requires 90 minutes. The same 
reaction carried out in / 7-xylene at between 160 and 187 °C under microwave heating 
gave a 92% yield of the product in 3 minutes. This compares favourably to the 
conventional synthesis in / 7-xylene at 187 °C, which gave a 90% yield in 10 minutes. 
Similar increases in reaction rate are now routinely found in homogeneous organic 
syntheses.
Figure 6. Diels-Alder reaction of maleic anhydride with anthracene1.
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Recent extensions of this method include amide synthesis, hydrogenation of (3-lactams, 
and 1,4-dihydropyridones. In the development of a series of new anti-tumor 
compounds, the microwave synthesis of y-Carbolines (A) were possible in a one-pot 
reaction (Figure 7), and gave similar or higher yields than the classical method, and in 
a shorter period (Table 3).
Figure 7. One-pot synthesis of y-carbolines55.
R1 R 1
2
R1 R1
3 4
Figure 8 . Compounds used in the y-carbolines synthesis55.
19
Chapter 1: Microwave Chemistry
Table 3. Microwave acceleration of y-carbolines syntheses55
Compound Microwave Thermalb
yieldR1 R2 R3 T/mina Yield
1 H H H 7/7 60 62
H Me Me 10/4 71 6780
H Me Me 7/7 8 6
2 H Me Me 10/4 81 78
Me H H 7/6 32 3548
Me Me Me 10/5 48
3 H - - 1 0 /6 30 28
4 H - - 10/5 45 50
Me - - 10/5 35 32
a Figures are for steps 1 and 2 respectively.
b Run at between 150 and 210 °C for 15 minutes followed by thermolysis of
the intermediate at 150 °C for 1 .5 -2  hours.
From the above results the rate increase is solvent dependent, suggesting that solvent 
super-heating may be responsible.
As mentioned earlier, Gedye et al7,9 reported dramatic rate increases of up to 240 times 
the conventional method by using 150 cm3 vessels for the reactions. Similar results 
were also reported by Giguere et al8 (Table 4). The volume of the vessel, solvent : 
space volume ratio, and solvent boiling point all affect the rate increases which are 
observed.
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Table 4. Microwave induced reactions under pressure8
Reaction Microwave Control Literature
J  c o 2e. M
r +  i i  — -  n r
 ^ p o  Ft ^ ^ ^ C O .E t  
^  2 R H 2
12 min, 55% 
325-361 °C
5 hrs, 81% 
150 °C
5 hrs, 67% 
150 °C
0 + | —~J^co>b
C 02Et C 02Et
10 min, 55% 
325-361 ®C
4 hrs, 68% 
100 °C
4 hrs, 95% 
100 °C
6-x-A J;
H
10 min, 66 % 
400-425 °C
a) 3 days, 89% 
195 °C
b) 2 hrs, 75% 
195 °C
72 hrs, 20% 
200 °C
P  H O H ^6 — cr
a) 10 min, 21% 
325-361 °C
b) 6 min, DMF 
92%
325-361 °C
6 hrs, 17% 
320 °C
6 hrs, 85% 
240 °C
15 min, 62% 
400-425 °C
12 hrs, 60% 
180 °C
12 hrs, 85% 
180 °C
1.7.2 Solid-State Reactions/Solvent-Free Reactions
During recent years, a practical dimension to the microwave heating protocols has been 
added by accomplishing reactions on solid supports under solvent-free conditions. In 
these reactions, the organic compounds adsorbed on the surface of inorganic oxides, 
such as alumina, silica and clay, or ‘doped’ supports absorb microwaves whereas the 
solid support do not absorb or restrict their transmission. The bulk temperature is 
relatively low in such solvent-free reactions although higher localised temperatures 
may be reached during microwave irradiation. These solvent-free microwave assisted 
reactions provide an opportunity to work with open vessels thus avoiding the risk of
21
Chapter 1: Microwave Chemistry
high pressure development and increasing the potential to upscale such reactions. A 
number of interesting papers25’45,50’54-61 have illustrated the utility of this type of 
reaction. Whilst a number of transformations carried out in the solid state have been 
known for some considerable time, the use of microwave radiation does appear to 
extend the scope of such appealing reactions. There are generally two types of 
microwave assisted dry reactions. In one of these the reagents are “supported” on a 
microwave inactive (or poorly active) material such as alumina/silica49. In this type of 
reaction at least one of the reagents must be polar if the reaction is to benefit from 
microwave irradiation. The second type of dry reaction utilises a microwave active 
solid support so that the reactants do not have to be microwave active.
Solid-state reactions are of course very convenient from a practical viewpoint. In 
general the reagents and solid support are efficiently mixed in an appropriate solvent 
which is then removed. The absorbed reagents are then placed in a vessel and subjected 
to microwave irradiation. The absence of solvent coupled with the high yields and 
short reaction times often associated with reactions of this type make these procedures 
very attractive for synthesis.
Loupy and co-workers45 have reported many new solvent-free organic synthesis using 
focused microwaves. These reactions were performed very quickly and efficiently 
with clear advantages when compared to a multimode oven or classical heating 
(Figures 9-12). FeCl3.6 H2 0  induces coupling of naphthols in 30 seconds under focused 
microwaves.
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FeCI3.6H20
OH
OH
Microwave m onom ode  40W  30 s e c  96%
Domestic oven 280 W 30 s e c  55%
Oil bath 70°C 1 h 42%
Figure 9. Solvent-free Reaction of Oxidative Coupling of (3-naphthols45
Glycosylation of peracetylated D-gucopyranose with decanol (1.5 equiv) has been 
reported in solvent-free conditions in the presence of ZnCh (1 equiv).
QAc/
AoO'
OAc
(fryCH^OH
ZnCL
QAc/
OAc
MW Monomode 60W-20W 3rrins 113°C 74%
oil bath 3rrins 113°C 0%
oil bath 5 hours 113°C 25%
Figure 10. Solvent-free reaction of carbohydrate glycosylations45
The reactions were performed within a very short time under strictly controlled 
conditions of temperature (only possible with the Synthewave 402 reactor) to avoid 
decomposition of alkyl glucosides. In order to compare with traditional heating, the 
same reaction mixtures were allowed to react in an oil bath and it was found that the 
yields decreased dramatically. This comparison, carried out under the same conditions, 
indicates once more a clear intervention of a specific microwave effect.
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The same experiments have been extended45 to other hexoses such as D-galactose, D- 
mannose and JV-troc-D-Glucosamine with similar conclusions (yields: 73-77% within 
6-15 mins).
Figure 11. Structures of acetylated D-galactose, D-mannose and iV-troc-D- 
Glucosamine45.
Acetylation is one of the most popular methods for protection of hydroxyl groups in 
carbohydrate chemistry. Therefore an unavoidable subsequent step is the removal of 
these protecting groups (saponification). This is usually realised by heating in basic 
media for several hours. An alternative to this method was proposed using KOH 
impregnated onto alumina in dry media as a base(Figure 12).
60-20W  
6 mins 101°C 
73%
100-20W
6.5 mins 100°C
77%
80-20W 
15 mins 112°C 
74%
(troc = 2,2,2-trichloroethoxycarbonyl)
OAc OH
AcC ^ — \v^OAc
KOH-alumina
^  HO
Monomode MW 
Conventional heating 
Conventional heating
40-20W 2 mins
2 mins
3 hours
97°C
100°C
100°C
98%
0%
a)
a) incomplete reaction + mixtures of partially deacetylated products
Figure 12. Saponification of Peracetylated Glycosides in “dry media”45.
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When the reactions were performed in the Synthewave 402 reactor quantitative yields 
were obtained within very short times whereas lower yields resulted from conventional 
heating under the same conditions. Here again, the improvement may be connected to 
a specific microwave effect.
Arenes are oxidised into ketones62 within 10-30 minutes using KMnC>4 impregnated 
onto alumina in diy media under focused microwave irradiaiton instead of several days 
under classical conditions in 1,2-dichloroethane at room temperature53 (Figure 13).
K M n 0 4-alum ina
no solvent-m icrowaves
O
Dry m edia + focused M W  30  mins 110°C  100%
C IC H 2C H 2CI 118 hours r.t 100%
r,— ^ / = = \  K M n 0 4-alum ina r — ^
( ==^ CH2—\_ J  m ic ro w a v B S  \ = /  /)no solvent-m icrowaves '------ ' IIO
Dry m edia + focused M W  30 mins 110°C  96%
C IC H 2C H 2CI 28 2  hours r.t 91%
Figure 13. Selective Oxidations of Arenes using KMnOVAIumina61.
The reactions of pyridinium N-dicyanomethylide with ethyl phenylpropiolate and 
phenylacetylene under microwave irradiation in solvent-free conditions have been 
studied62 without support or catalyst. They afforded a mixture of the two possible 
regioisomers A and B (Figure 14).
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NC CN
A
X
CN CN
Ph
X
B
Example: X = C02Et, ylide/dipolarophile = 1.5/1
MW monomode reactor (no solvent) 120 W 
Conventional heating (no solvent) 
Conventional heating in DMF
25 mins 150°C 87%
25 mins 150°C 61%
25 mins 150°C 15%
Figure 14. Example of solvent-Free reaction of 1,3-Dipolar Cycloaddition
The best conditions involved microwave activation and a solvent-free procedure. Once 
more a non-thermal microwave effect is evidenced with an increase in yield from 61 to 
87% under otherwise identical conditions. This effect is further enhanced with 
phenylacetylene (X=H) - within 3 hours at 150°C microwave irradiation (120 W) led 
to a yield of 50% whereas no reaction occurred under classical heating under the same 
conditions. In both cases, the selectivity of A/B is not affected neither by solvent-free 
procedure nor by microwave activation.
1.7.3 The Synthesis of Radiopharmaceuticals
There are many examples of the different types of chemistry practised while applying a 
dielectric field but up to now only a small number of reactions have been achieved in 
radiochemistry34'37.
of Pyridinium Ylides63.
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A specialized application of microwave-assisted organic synthesis involves the 
preparation of radiopharmaceuticals34' 37 labelled with short-lived radionuclides, 
particularly for use in positron emission tomography (PET).
Radiopharmaceuticals are often used in medical research, and frequently need to be 
prepared quickly and immediately before their application, otherwise the compounds 
lose a significant amount of their radioactivity. In this context, radiochemical yields are 
at least as important as chemical yields and, therefore, time is a critical factor. The use 
of dielectric heating in conjunction with closed Teflon (microwave transparent) vessels 
offer an opportunity to reduce reaction times.
A particularly important application of the decreased reaction times, which result from 
microwave processing is in the synthesis of radiolabelled chemicals. The location of 
pharmaceutical products using PET during pre-clinical trials relies on the use of 
a number of nuclides with very short half-lives. The commonest used isotopes for this 
work include I22I (ti/2 = 3.6 min.), HC (ti/2 = 20 min.), and 18F(ti/2 = 110 min.), and 
saving of even a few minutes may dramatically affect the extent of incorporation of the 
radioisotopes in the compounds.
The applicability of microwave heating has been demonstrated for fluoroalkylations of 
secondary amines, for which it was found that an increase of the ionic strength of the 
reactions3,39 was useful (Figure 15). A similar objective is accomplished by increasing 
the strength of the electromagnetic field36. Aromatic substitution reactions using 
radioactive fluoride have also been studied in a microwave oven3. For these reactions, 
influences of the geometry of the sample, the microwave intensity and the polarity of 
the medium were observed. Recently, an improvement in the radiochemical yield for 
the synthesis of 2-[18F]fluoro-2-deoxyglucose by application of dielectric heating has 
been reported39.
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OMe OMe
2^NH(^uoropheny<)ethyl]anincf5-rrEthcKytetralin
Figure 15. Fluoroalkylations of secondary amines39.
A specialized application of microwave-assisted organic synthesis involves the 
preparation of radiopharmaceuticals34' 37 labelled with short-lived radionuclides, this 
dictates that the products be prepared quickly, in high radiopharmaceutical yield, on a 
small scale. Microwave technology is well suited for this purpose because the power 
can be activated and deactivated remotely and instantaneously, and rapid heating 
minimises reaction times. This last feature is essential owing to the short half-lives of 
radionuclides which have been incorporated.
The nucleophilic substitution of nitro- and fluro groups by 18F on activated benzenes 
has been shown2,34 to occur with much higher rates under 500 Watt microwave 
heating. Samples held in 3 cm3 Reactivials gave yields comparable to 30 minutes 
conventional syntheses after only 5 minutes (Figure 16).
Kryptofix
18c
18,
+
NO.
O
Figure 16. Nucleophilic substitution34 of nitro- and fluoro groups by 18F.18 .
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Similarly, 13 *1 isotope exchange reactions were completed in less than 5 minutes, with 
aromatic iodine compounds going to 80% completion after only one minute. The
1 0 0  1 0 ' irelevance of this to work with the short-lived medically useful I and I (y, t\n =
13.2 hrs.) isotopes is obvious.
The synthesis of epi-[18F]-fluoromisonidazole (Figure 17), an investigative chemical 
used in suspected cases of myocardial infarction, has also been improved by these 
methods. The first step, substitution of tosylate by 18F in 2 cm3 Reactivials, took just 3 
minutes to give a 70-80% yield. Reaction of the resulting fluorohydrin with 2-nitro- 
imidazole required a further 10 minutes to yield 65% of the desired product, compared 
to a 40% yield by the best conventional methods. The total synthesis (including 
working up procedures) could be accomplished in under 70 minutes to give a 40% 
radiochemical yield.
° \  / \  O T s K F ,  0 ~ ~ ~ a  ■|g N i t r o i m i d a z o l e
' Z  D M S O  \ y  N , N - d i i s o p r o p y l
e t h y l a m i n e
Figure 17. Synthesis of epi-[18F]-fluoromisonidazole34.
Pnuematic handling systems in this work reduced the radiation exposure risk in 
workers. The use of microwave heating flow systems similar to those already discussed 
was also used for this purpose, and found to improve the rate at which radiochemicals 
may be prepared. Such continuous flow systems, operating at up to 12 atm./200 °C 
and with up to 2 0  cm3/min of material are already in operation, and are capable of 
higher efficiency than equivalent batch systems.
OH
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Welch and co-workers34 have also successfully investigated this methodology and 
compared conventional and microwave assisted synthesis of fluoro and iodo aromatic 
compounds using nucleophilic substitution reactions. Treatment of iodide (A) with 1311" 
gave the labelled product (B) in 80% yield in 60 seconds (Figure 18).
/r—x 131l- ROH, CuCL DMSO / r ~ \
/ /  vs— M n  ------------------------- :------------------------ - ---------------►  « ' l —(/ \I— "  )— N02    I__< /___y NO
= /  MW
(A) (B)
Figure 18. Iodine exchange reaction34.
In all of the above reactions activation by microwaves lead to improvements, thus:
1) the reactions occur rapidly and the methods avoid hazards associated with solvents, 
especially in sealed vessels;
2 ) the absence of solvent clearly reduces the reaction time and always improves the 
yields;
3) in many examples it is shown that focused microwaves with proper control of 
power and reaction temperature are more efficient than conventional heating;
4) in the synthesis of labelled radiopharmaceutical compounds, the reduced reaction 
times are also accompanied by increased yields. Microwave exposure, in 
combination with manipulation of the polarity of the medium, is a powerful 
technique for accelerating reactions rates.
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2. Deuterium Labelling of Organic Compounds
Deuterium (2H, D) and tritium (3H, T) labelled compounds are widely used in the 
physical and life sciences64. Consequently there are frequent requests to devise new, 
more efficient and selective methods for introducing these isotopes. Pharmaceutical 
agents labelled with deuterium (or tritium) are extensively used in drugs research. 
Simple and economical procedures for labelling drugs with these isotopes are 
therefore required.
Molecules labelled with deuterium (and/or tritium) are also useful for fundamental 
investigations in a variety of chemical fields, particularly spin decoupling in NMR, 
the measurement of coupling constants in ESR, mass spectroscopy, and general 
reaction mechanism studies65. Such tagged compounds are also valuable as tracers in 
biochemical and medical research.
There are many important areas where the use of stable isotopes is of interest to the 
pharmacologis66,67:
1) as tracers for the identification of metabolites;
2 ) as internal standards for the estimation of drugs in biological fluids; and
3) in studies of the bio-availability of drugs.
Although most of the work has employed deuterium labelling, the use of 13C and 15N 
is assuming an increasing important role.
It is clear that there is great scope for isotope labelling in general and deuterium 
labelling in particular in studies of drug metabolism67,68.
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2.1 Deuterium and its use
Deuterium (2H or D, heavy hydrogen), is a stable isotope of hydrogen, present at low 
abundance (approximately 0.0156%) in all natural hydrogen and its compounds. 
Commercially it is concentrated by electrolysis of water and is available as gas or as 
heavy water (D2O), or specifically incorporated into simple compounds66.
The deuterium nucleus (the deuteron) has a nuclear spin of unity and so is capable of 
NMR detection. The low sensitivity of the deuteron to NMR detection derives from 
the low magnetogyric ratio Yd = 0.6536 x 107 Hz T*1, in turn deriving from a low 
nuclear magnetic moment and the spin 1=1 .  The resonance frequency is therefore 
low, viz. 13.8 MHz at 2.11 Tesla (as compared with 90 MHz for *H) so that 
spectral dispersion is poor. In terms of frequency, 2H NMR chemical shifts are 
compressed or reduced, with respect to *H chemical shifts at the same field, in the 
ratio of the magnetogyric constants, i.e. by a factor 1/6.5 ( = 13.8/90 = Yd/Yp). 
Deuterium is available at low cost and in high isotopic purity, facilitating H -» D 
exchange experiments.
As mentioned earlier, isotope effects are well established in e.g. NMR spectroscopy64 
and are used for a wide range of studies, e.g. structural analysis, details of reaction 
mechanisms and metabolic pathways, testing theories of chemical shifts.
Exchange reactions involving the displacement of hydrogen bonded to carbon by its 
heavier isotopes (deuterium or tritium) are of interest to a broad variety of disciplines, 
including the preparative chemistry of isotopically labelled materials, fundamental 
studies of carbon-hydrogen bond activation processes, and study of the nature of 
catalysts. The interdisciplinary nature of this area has largely precluded the 
development of comprehensive literature sources specifically concerned with isotopic
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exchange procedures. After a period of intense research with a synthetic focus, which 
began approximately two decades ago, interest in hydrogen isotope exchange 
reactions subsided for a number of years. Recently, renewed attention for labelled 
compounds as standards, reference material, and special applications such as non­
linear optical materials69 has emerged. This trend is strongly supported by the 
development of analytical methods which simplify product analyses, including the 
availability of bench top mass spectrometry, 2H and 3H NMR spectroscopy in solution 
and in the solid state as readily accessible tools.
2.2 Spectrometric Method for the Analysis of Labelled Compounds
A proper analysis of chemical compounds should give information about the chemical 
identity - not only the structure but also enantiomeric form, chemical composition etc. 
For labelled compounds information is also needed about isotopic purity, the 
position/distribution of the isotope in the molecule and degree of labelling/specific 
activity (Table 5).
Table 5. Characteristics of labelled compounds64.
Information Preferred method of analysis
Chemical identity 
Enantiometric purity 
Chemical purity 
Isotopic purity 
Position of isotope 
Distribution of isotope 
Degree of labelling
NMR; MS; IR
Chromatography; NMR
Chromatography; NMR
Chromatography; NMR
NMR
NMR
MS; UV
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2.2.1 NMR (Nuclear Magnetic Resonance) Spectroscopy
NMR spectroscopy is one of the most powerful techniques for the analysis of organic 
compounds. The availability of high-field instruments and the development of special 
pulse sequences give the spectroscopist valuable information concerning structure and 
conformation of chemical products. The NMR properties of the different isotopes are 
summarised in Table 6 .
Table 6 . NMR properties of some commonly used isotopes64.
Isotope Spin* Relative
sensitivity
NMR 
Frequency 
(MHz at 4.7 
Tesla)
Natural
abundance
(%)
lK 1 /2 1 2 0 0 99.98
2H 1 9.65 x 1 0 'J 30.7 1.5 xlO ' 2
4H 1 /2 1 .2 1 213.3 ~1 0 '10
bC 1 /2 1.59x10'" 50.3 1.108
14c 0 NMR inactive - 0
bN 1 /2 1.04 x 10‘j 20.3 0.37
r'o..... 5/2 2.09 x 10'" 27.3 3.7 x 10’2
18o 0 NMR inactive - 2.04
• * Nuclei with spins >1 give rise to broadening of signals due to quadrupole
relaxation.
• 14C isotope can be produced in nuclear reactor.
2.2.2 Proton NMR Spectroscopy
Proton NMR Spectroscopy is widely used, appreciated, and taught -  indeed chemists 
regard the technique as indispensable. The *£1 NMR spectroscopy is the most obvious 
method for the analysis of labelled compounds. The method affords, not only the
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chemical structure but also the position/amount/distribution of isotopic substitution. 
The information about the label is possible: 1) in the case of deuteriated compounds 
by measurement of the decrease of intensity of signals in the lH NMR spectrum, 2) by 
a change in the patterns of the signals by introduction of extra couplings (13C, 15N- 
labelled compounds) or change in coupling constants (2H compounds) and 3) by 
shifts of the signals of protons in the vicinity of isotopes. For deuteriated compounds 
the easiest method for determination of the distribution and amount of label is the 
measurement of the decrease of the integral of the signals.
2.2.3 Deuterium NMR (Nuclear Magnetic Resonance) Spectroscopy
Since the development of modem NMR spectrometers in the 1970’s the use of *H and 
13C NMR spectroscopy has been routine for the organic chemist70,71. Direct 
information can be obtained on the chemical structure in a non-destructive manner. 
Likewise the development72 of deuterium NMR spectroscopy has given the chemist 
an invaluable method of determining the position and extent of labelling. As described 
in section 2 .1, this is made easier by the fact that deuterium has a low natural 
abundance and virtually the same chemical shift as protons.
Unfortunately there are several drawbacks to deuterium NMR specroscopy71. 
Deuterium nuclei are quadrupolar and give broad spectral lines and as the chemical 
shift range is small, spectra may be poorly resolved. Deuterium NMR spectroscopy 
also has a low sensitivity compared to protons and 1 0 4 more accumulations are 
required to give a signal of similar intensity for an equivalent number of nuclei. 
Therefore the demand on instrument time is very high when compared to proton NMR 
spectroscopy.
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2.3 Hydrogen/Deuterium Isotope Exchange Reactions
The use of hydrogen labelled molecules is increasingly important in studies to 
determine reaction mechanisms in chemical and biological systems. A formidable 
barrier to such investigations is the preparation of molecules labelled at specific 
positions.
Introduction of one or more deuterium atoms into organic molecules can be 
accomplished in many ways depending on the nature of the substrate and the 
stereochemistry and extent of deuteriation required. Common methods to achieve 
selective hydrogen labelling in aromatic systems employ acid- and base-catalysed 
exchange of carbonyl compounds, metal hydride reductions, catalytic reduction of 
double bonds, hydrogen exchange of carbon acids and acid-catalysed exchange via 
electrophilic substitution reactions73,74. Labelling by means of acid-, base- and metal- 
catalysed hydrogen reactions sometimes lacks specificity73.
2.3.1 Acid-Catalysed Hydrogen Isotope Exchange Reactions
Acid-catalysed hydrogen isotope exchange was demonstrated by Ingold's deuteriation 
of benzene by deuterosulphuric acid as long ago as 193475. Since then a wide range of 
acids have been employed to label essentially electron rich aromatic compounds and 
the literature has been well reviewed by Shatenshterin76 and Gold77. The most 
commonly used acids are mineral acids with sulphuric acid perhaps being the most 
widely used78'80. Perchloric acid has been shown to be an effective catalyst by 
Aliprandi81 and the phosphoric acid-boron trifluoride complex was shown to be some 
2 0 0  times faster than 80% sulphuric acid in the tritiation of benzene82.
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Isotopic hydrogen exchange studies showed that the rate coefficients increased with 
increasing concentration of acid (H2SO4, HC1, H3PO4 were most frequently used). In 
many cases a linear relationship was found to exist between the logarithm of rate 
coefficient and the acidity of the medium as expressed by the acidity function; 
moreover the slope was close unity66 and subsequent studies83' 85 covering a wide 
range of reactants have served to confirm that aromatic hydrogen exchange is subject 
to general acid catalysis, the generally accepted mechanism being of the A-Se2 type:
ki
ArH + H* A -  ArH+H* + A
k- i
k2
ArH+H* + A =1= ArH* + HA
k- 2
Figure 19. Mechanism of acid-catalysed aromatic hydrogen exchange reaction66.
Werstiuk24 devised conditions-dilute acid at elevated temperatures-in which a large 
range of aromatics (benzene derivatives, amines, acids, halides, polynuclear 
hydrocarbons, heteroaromatics as well as some biologically active compounds and 
naturally occurring insecticides) could be per-deuteriated, and by implication, 
tritiated. The conditions employed, however, were very harsh, frequently requiring 
24-48 hours at temperatures as high as 250 °C. Such conditions were used for the 
deuteriation of aniline hydrochloride87 (Figure 20).
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Figure 20. Acid catalysed deuteriation of o-toluidine hydrochloride87.
Selective labelling of some 4-amino pyridines by hydrogen-deuterium exchange has 
been studied73 by Zoltewicz and Meyer over an acidity range which extends from 1M 
DCIO4 to 3M NaOD. Reaction conditions have been found to achieve selective 
hydrogen exchange at either the a  or the (3 positions of 4-amino- (I) and 4-N,N- 
dimethylaminopyridine (II). Under a third set of conditions exchange can be achieved 
at all positions of I and II (Figure 21).The directing and rate enhancing effects of the 
amino group make hydrogen exchange possible at the f3 positions in acidic solutions. 
The annular nitrogen serves to direct deprotonation to the a  positions in dilute 
alkaline solutions and to the a  and (3 positions in strongly basic solutions. As an 
extension of Werstiuk’s studies on the hydrogen isotope labelling of aromatic 
compounds at elevated temperatures, H/D exchange of a group of heteroaromatic 
amines has been studied in neutral D2O at 250 -  300 °C and dilute acid conditions at 
high temperatures (Figure 22). The high temperature-dilute acid exchange method has 
been developed to obviate some of the problems which arise when highly acidic 
exchange conditions are used for large scale exchange reactions.
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.  1 M D C I0 4
150 ° C ,  28 hours
D2°
204 °  C, 11 hours
3 M N aO D  
150 ° C ,  28 hours
Figure 21. Acid- and Base- Catalysed Deuteriation of 4-amino- and 4- N,N- 
Dimethylaminopyridine73.
Mantescu, Genunche and Balaban88' 90 investigated the action of tritiated water and
aluminium chloride on a variety of compounds including benzene derivatives,
pyrimidines and saturated hydrocarbons. The authors concluded from this work that
the catalyst was some ten times faster than the phosphoric acid-boron trifluoride
complex. Subsequently a range of Lewis acids have been studied as proton transfer
catalysts by Garnett and his co-workers91'94, and alkylaluminium halides have been
found to be particularly effective. All the work was carried out in an inert atmosphere
and two rapid labelling techniques were developed, utilising either
perdeuteriobenzene or tritiated water as the isotope source. Exchange was essentially
completed within minutes at room temperature although a trace of co-catalyst such as
water or HC1 was required.
Boron tribromide has been shown to be less powerful than the alkylaluminium 
halides, however exchange into aromatics is still rapid under mild conditions95. In
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contrast to the general ring labelling patterns observed with the latter, those obtained 
using the boron tribromide catalyst show specific ortho and para orientation which is 
characteristic of electrophilic substitution. It has been suggested that the active species 
is as extremely strong Bronsted acid perhaps of the form H+ [BBr3OH] . Proton 
transfer has also been observed in antimony pentafluoride-fluorosulphonic acid 
systems at very low temperatures96’97.
63
96
CH<
25 h / 285 °C
64
57 96
57
96 96
96
CH O A
Figure 22. Deuteriation of some heteroaromatic compounds
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Other solid acid systems have also been investigated as catalytic media for labelling 
reactions. Odell and his co-workers have reported the use of y-irradiated silica gel as 
a useful catalyst for tritium labelling98. Other heterogeneous catalysts include 
dehydrated alumina99,100 and H-zeolites where labelling patterns suggested an 
electrophilic mechanism101'103. The catalytic activity of zeolites is improved by 
loading with palladium or platinum thereby extending the scope of the method to 
include deactivated aromatics and aliphatic compounds104'106. Deuteriobenzene has 
been shown to be an alternative isotope source in the labelling of alkylbenzenes over 
ZMS5 zeolites and Y-Mordenite103.
2.3.2 Base-Catalysed Hydrogen Isotope Exchange Reactions
Nearly all organic compounds come under the heading of carbon acids. Treatment 
with a sufficiently strong base leads to ionisation (Figure 23)
/  /
Figure 23. Ionisation of carbon acids in strong base66.
and in the presence of deuterium or tritium this will lead to isotopic hydrogen 
exchange. The extent to which exchange takes place depends on two factors66
a) the acidity of the carbon acid and
b) the basicity of the medium.
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Conversely labelled compounds produced in this way can be safely used as tracers 
only when the acidity of the compound and the basicity of the medium in which they 
are to be employed are known.
The acidities of carbon acids vary greatly -  some are more acidic than mineral acids 
whilst for others the measurement of the very feeble acidic properties constitutes a 
serious problem itself. It is useful to classify carbon acids in terms of the activating 
group responsible for conferring the acidity. In general the acidities of carbon acids do 
not change greatly as the solvent is altered.
The strongest base that can exist in water is the hydroxide ion. The fact that it is so 
strongly hydrated -  each hydroxide ion is thought to be strongly bonded to three water 
molecules -  must however inhibit its ability as a catalyst. .
For the more acidic carbon acids (pKa <10) general base catalysis is normally 
observed but with decreasing acidity hydroxide ion catalysis becomes predominant 
and finally exclusive. In studies in highly basic media it has been found that the 
weaker the acid the greater the rate accelerations -  these can be as high as 1 0 8 -  1 0 11 
with the resulting benefit that carbon acids as weak as toluene can be labelled by base- 
catalysed isotopic exchange procedures. Some of the carbon acids that have been 
labelled by base catalysed exchange, together with appropriate references, are given in 
Table 7.
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Table 7. Examples of Compounds Labelled by Base-Catalysed Hydrogen Isotope 
Exchange72, S5'9<)' 6’
Experimental
Conditions
Compound (s) Position Labelled References
Neutral
Acetylacetone Methylene 23
B isethylsulphonyl 
methane
Methylene 24
2-Acetyl
cyclohexanone
a  to keto group 1 0
Purine,
Caffeine
C- 8
Methylene
25
Malononitrile Methylene 26
Alkaline (pH 7-12)
Acetophenone Methyl 27
Dimethyl malonate Methylene 28
Phenylacetylene Acetylenic 37
Nitromethane Methyl 30
Highly basic media 
(pH 12-30)
Fluorene C-9 31
Dimethyl
sulphoxide
Methyl 32
Triphenylmethane -CH 33
Toluene Ring and/or side 
chain
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2.3.3 Metal-Catalysed Hydrogen Isotope Exchange Reactions
Catalytic labelling of organic compounds can be carried out under both heterogeneous 
and homogeneous conditions. The former require higher temperatures and pressures; 
catalytic poisoning and the need to regenerate the catalyst can also be complicating 
factors. In addition reaction mechanism studies are much easier to carry out on 
homogeneous systems. Nevertheless much more work has been carried out under
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heterogeneous than under homogeneous conditions. Group VIII metals have been the 
most extensively studied catalysts66 -  these include Pt, Pd, Ni, Co, Fe, Ru, Ir, Rh, and 
Os in either supported or unsupported form. Isotopic water has usually been preferred 
to enriched hydrogen gas as the source of the label mainly because with the gas 
competing hydrogenation can occur yielding by-products that can render purification 
difficult. The operating temperatures have normally been in the range 100 -  200 °C. 
The catalysts, of which Pt is the most active, are employed as the oxides or chlorides, 
activation being achieved by either :
(a) hydrogen reduction,
(b) borohydride reduction, or
( c) self-activation by the substrate during exchange.
Heterogeneous Pt exchange has been successfully used to label a wide range of 
organic compounds -  these include amino acids, polycyclic aromatic hydrocarbons, 
heterocyclics and steroids. Invariably good isotope incorporation is obtained although 
certain groups such as iodo and nitro tend to poison the catalyst.
The study of corresponding homogeneous hydrogen isotope exchange reactions 
started in 1967 with the observation by Garnett and Hodges107 that the PtCU2’ ion 
could induce such exchange in aromatic compounds. Shortly afterwards Shilov and 
co-workers66 showed that alkanes could also be labelled and subsequently further 
work has shown that the heterogeneous and homogeneous exchanges have many 
features in common. This has led to the suggestion that the homogeneous systems 
could serve as a model for elucidating the mechanism of a variety of heterogeneous 
catalytic processes.
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Under homogeneous conditions arene hydrocarbons are in general more reactive to 
hydrogen isotope exchange than alkanes108: benzene, the least reactive is as the most 
reactive alkane, cyclohexane. Alkane reactivity decreases in the order primary > 
secondary > tertiary. In the alkyl benzenes exchange occurs both in the ring and the 
side chain. Arene and benzylic hydrogens are of the same order of reactivity; strong 
ortho-deactivation is observed in instances where steric hindrance is important66. 
Although these metal catalysts all have a common feature in that more than one 
hydrogen atom can be exchanged during a single residence of the substrate on the 
catalyst (the so-called multiple exchange factor), they also show different selectivities 
towards certain substrates: e.g. in n-butyl benzene the p and y hydrogens are virtually 
unreactive towards RI1CI3 and the terminal methyl group of ethyl benzene is 
deuteriated to a lesser extent with a hexachloroiridate (III) catalyst then with PtCU2". 
Instances where heterogeneous exchange is difficult but homogeneous exchange 
occurs readily have also been reported107: acetophenone, nitrobenzene, bromobenzene 
and naphthalene, require a long time to exchange with a heterogeneous platinum 
catalyst whereas with tetrachloroplatinate they are easily labelled.
Lewis acids of the type SbCls, AICI3, BBr3 and EtAlCL have also been widely used as 
hydrogen isotope exchange catalysts88,91,109, ethylaluminium dichloride being the most 
effective. For deuteriation studies CeHg is used as the source of the label but in 
tritiation work the substrate-catalyst complex is hydrolysed with a small amount of 
high specific activity tritiated water. Ethylaluminium dichloride can induce rapid 
exchange at room temperature and is characterised by a high selectivity for aromatic 
protons and absence of steric effects. Both cyclic and non-cyclic alkanes can be
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labelled at elevated temperatures although there is some evidence of isomerisation. 
The preferred mechanism is as follows (Figure 24), with HC1 acting as a co-catalyst. 
The different characteristics of these catalysts now lead to the possibility that they 
may be used in conjunction with one another to provide specifically labelled 
compounds. Thus the relatively large steric requirement of the Pt catalyst means that 
with mesitylene only the methyl groups are labelled whereas with EtAICk the label is 
entirely in the ring. When bromobenzene is treated with BBr3 the label is mostly 
located at the ortho and para positions; treatment with a Pt catalyst leaves only label at 
the ortho position109.
HCI +  EtAICI, H [EtAICI,]
+ - 
H [EtAICIJ +
D
EtAICI,
+  "
D [EtAICIJ +
Figure 24. Lewis Acid Catalysed Proton Transfer Mechanism .
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2.4 Aim and Objectives of the Thesis
In this thesis, microwave heating is used to accelerate reactions and in particular to 
increase the attractions of deuterium labelling methods. To carry out acid-catalysed 
hydrogen/deuterium exchange reactions, we have chosen some nitrogen-containing 
compounds - substituted anilines and substituted pyridines as these have structures 
which form the basis of many drugs. The reactions are carried out via the 
hydrochloride salts as much ionic species interact more effectively with microwaves.
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Acid-Catalysed Hydrogen/Deuterium Exchange Reactions of 
substituted Aniline Hydrochloride Compounds
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3. Acid Catalysed Hydrogen/Deuterium Exchange Reactions of substituted 
Aniline Hydrochloride Compounds
3.1 Introduction
In the previous chapter we have given many examples of where microwaves have 
proved to be beneficial in organic synthesis. Here at Surrey microwave-enhanced 
hydrogenations using solid formates have been used to prepare 2H/3H labelled 
compounds. A similar approach has been adopted to study aromatic dehalogenations. 
Solid state reductions with NaBD4 proceed extremely rapidly whilst aromatic 
decarboxylations can be achieved much more rapidly under microwave-enhanced 
conditions than under thermal conditions. This means that some reactions now 
become much more attractive for preparing 2H/3H labelled compounds. To continue 
with this theme we have previously shown that when aromatic amines are converted 
to the corresponding salts they interact more effectively with microwaves. 
Consequently we thought we would investigate this aspect in greater detail by using a 
number of substituted anilines. Furthermore the availability of a domestic microwave 
oven and a commercial instrument (Synthewave 402 Reactor/Prolabo) enabled us to 
compare the two in terms of performance. Finally an attempt has been made to 
replace D2O as a donor -  if successful this could open the way to a number of new 
reactants.
The amines were chosen with
(a) a number of substituents in the para-position (compounds 4,6,7,8,10,11,12,16)
(b) a number of substituents in the ortho-position (compounds 1 ,3 ,5)
(c) with a substituent in the meta-position (compound 2 )
(d) di-ortho substituents (compound 15) and
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(e) two compounds (compounds 13,14) with substituents on the amino group.
3.2 Experimental procedure and Apparatus
3.2.1 Apparatus
In order to perform my own labelling studies using D2O, it was necessary to develop 
a safe and reliable microwave procedure. It was restricted to performing the reactions 
on a small scale to minimise the risk of an explosion, which was particularly 
important because we were using a domestic microwave oven for most of the work. 
Furthermore we also required a closed system to prevent ingress of air and moisture 
into the reaction and also to prevent solvents damaging the microwave oven. The 
reaction vessel that we used is shown in Figure 25.
screw top
septum
adapter
pear shaped flask
^  reaction mixture
Figure 25. Reaction vessel used in the domestic microwave oven (Matsui
M167BT).
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The reaction vessel consisted of a pear shaped flask (volume, 25 ml) to which was 
fitted an adaptor. This was modified by removal of the gland and fitting a septum, 
which enabled the flask to be evacuated. The adaptor was held in place by a plastic 
Quickfit clip. This allowed small pressures to build up within the flask, but would 
give way if the pressure became too high.
After the reagents had been added to the reaction flask, it was placed in a beaker of 
vermiculite which serves two purposes. The vermiculite absorbs the microwaves and 
helps to heat the flask. It also acts to contain the contents of the microwave turntable, 
together with a beaker of water (25 ml). As the samples being heated are quite small 
(~0 .5  ml) water is added to absorb some of the microwaves and avoid causing 
damage to the microwave oven.
Although in general experimental conditions performed in a domestic microwave are 
not very reproducible, care was taken to ensure that the conditions remained constant. 
A commercial microwave oven (Synthewave 402 Reactor/Prolabo) was also used to 
perform the acid-catalysed H/D exchange reactions. This type of system operates 
with a rotating carousel, so that a number of reaction vessels can be irradiated and 
agitated at the same time. The vessels (Figure 26) are made of poly(etherimide) with 
Teflon inserts and it is possible to monitor both the incorporation of a “microwave 
cavity” dummy load to protect the magnetron and the more reliable, accurately 
controlled and continuous source of microwave radiation produced. In the 
Synthewave 402 reactor, we can monitor the reaction through the use of a computer; 
the power and/or temperature can be plotted and the data files can be stored in a 
format which allows them to be read easily through the use of commercial 
spreadsheets such as Excel, Lotus, etc. The use of open vessels can allow reactions to 
be run under normal or reduced pressure or controlled atmosphere, and the reaction
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can be stirred and reagents easily added. To perform our own labelling a 33 cm3 
quartz reactor was used.
------------- ► reaction mixture
Figure 26. Reaction vessel used in the Synthewave 402 reactor (a quartz 
reactor 33 cm3).
3.2.2 Experimental
3.2.2.1 Materials
All chemicals and reagents were of analytical-reagent grade. The chemicals were 
used after their purities had been checked usually by nmr spectroscopy. The 
reagents were used without further purification.
The following compounds were used to carry out the acid catalysed hydrogen- 
/deuterium exchange reactions (Figure 27 and Table 8 ).
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X
NH,
R X
3 H c h 2c 6h 5n h 2
4 H s o 2c 6h 5n h 2
7 H OH
8 H C02Et
9 H Br
11 H OMe
14 Me Cl
16 H n o 2
X
2 Me
X
15 Et
Ri R2
5 Me H 
13 Me Me
NH,
X,
x2
1 Me H
6 Et H
10 Br H
12 n o 2 n h 2
Figure 27. Compounds used in the acid-catalysed H/D exchange studies.
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Table 8 . Compounds used in the acid-catalysed H/D exchange studies.
Compound number Compound name
1 o -Toluidine
2 m -Toluidine
3 4,4-methylenedianiline
4 Di(4-aminophenyl)sulfone
5 N-Methyl aniline
6 o-Ethyl aniline
7 /7-Hydroxy aniline
8 Ethyl-4-aminobenzoate
9 /7-Bromo aniline
1 0 o-Bromo aniline
11 /7-Methoxy aniline
1 2 2-Nitro-p-phenyldiamine
13 N,N-dimethyl aniline
14 p-Chloro-N-methyl aniline
15 2,6-Diethyl aniline
16 /7-Nitro aniline
The reaction scheme is as follows (Figure 28):
+
ND,CI
1.H C I
3. D _ 0  . m icrow aves
NH.
1. aq  NaOH
2 . CHCI,
3. H20 ,  anhydrous N a 2 S 0 4
Figure 28. Acid-catalysed H/D exchange reaction of substituted aniline.
3.2.2.2 Experimental Procedures
The relevant quantities used and the experimental conditions are given in Tables 9- 
13. A typical reaction would be conducted as follows:
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(a) Procedure for Preparation of Substituted Aniline Hydrochloride Salts
The substituted aniline compound (lg) and a HC1 solution (4 ml, 3M) were mixed in 
a round bottom flask (50 ml) and allowed to stand for 3 hours at room temperature. 
The solvent was removed by rotary evaporation to give the salt. D2O (5 ml) was 
added to the salt to deuteriate the amine group and the solution was allowed to stand 
for 2 hours at room temperature. The solvent was then removed by rotary evaporation 
to give the substituted aniline hydrochloride salt.
(b) Procedure for Deuteriation of Substituted Aniline Hydrochloride Salts 
under Domestic Microwave Oven Conditions
The salt (30 mg) and D2O (300 pi) were added to a pear shaped flask which was then 
evacuated. It was then irradiated in a 750 Watt domestic microwave oven (Matsui 
M l67 BT) on the low power setting 300 W. Depending on the experiment the sample 
(after cooling) was subjected to a number of such 2  minute pulses.
At the end of the microwave irradiation and cooling, some D2O (200 pi) was added to 
the reaction mixture to make up to 500 pi solution (minimum amount required to run 
the NMR spectrum). The solution was then taken for *H NMR analysis. 
Tetramethylsilane (TMS) was used as the internal standard. A Bruker AC 300 NMR 
spectrometer was used to obtain the *H NMR spectra (operating frequency 300 MHz) 
and also the 2H NMR spectra (operating frequency 46 MHz). These are given in 
Figures 33 (a-f). One of the non-exchangeable hydrogens was used as an internal 
standard to calculate the % deuteriation of the compound.
Also it was customary to take some of the D2O solution of the deuteriated 
hydrochloride, and neutralise with aqueous NaOH solution (few drops, 1M). The 
amine was extracted with CHCI3 (4 ml) and washed with water (5 ml, 3 times). A
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small amount of anhydrous Na2SC>4 was then added to the separated CHCI3 solution.
The latter was then pipetted off and the CHCI3 removed by passing N2 over the
surface of the solution. The deuteriated hydrochloride was then taken up in
chloroform and the 2H (*H decoupled) nmr run at 46 MHz.
The same procedures were used for all the substituted aniline compounds.
The experimental conditions are given for compounds 1 -16 in Table 9.
Table 9. Experimental Conditions for Microwave Irradiations Using the 
Domestic Oven.
Compound number 
(as the hydrochloride)
Expt
no
Weight 
of salt 
(mg)
Volume 
of D2O
04)
Irrdn
Time
(min)
a 30 300 2 x 1
1. m-Toluidine
b 30 300 3 x 2
c 30 300 5 x 2
d 30 300 8 x 2
e 30 300 1 0 x 2
a 30 300 l x l
b 30 300 1 x 2
2. o-Toluidine c 30 300 2 x 2
d 30 300 5 x 2
e 30 300 8 x 2
f 30 300 1 2 x 2
a 2 0 300 2 x 2
b 2 0 300 6 x 2
3. 4,4'-Methylenedianiline c 2 0 300 9 x 2
d 2 0 300 13x2
e 2 0 300 16x2
a 1 0 400 1 0 x 2
b* 60 1 0 0 0 2 x 1
4. Di(4-aminophenyl)sulfone c 60 1 0 0 0 3x1
d+ 60 1 0 0 0 8 x 1*e 60 1 0 0 0 13x1
f+ 60 1 0 0 0 2 0 x 1
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a, a' 30 300 1 x 2
b, b’ 30 300 2 x 2
5. N-Methylaniline c 30 300 4 x 2
d 30 300 7 x 2
e 30 300 1 0 x 2
a 30 400 2 x 2
b 30 400 4 x 2
6 . o-Ethyl aniline c 30 400 6 x 2
d 30 400 1 0 x 2
e 30 400 15 x 2
7. /7-Hydroxyaniline a 15 250 3 x 2
b 15 250 5 x 2
8 . Ethyl-4-aminobenzoate a 30 300 1 x 2
b 30 300 5 x 2
a 30 300 1 x 2
9. /7-Bromo aniline b 30 300 5 x 2
c 30 300 8 x 2
10. o- Bromo aniline *a 60 1 0 0 0 1 0 x 1
b* 60 1 0 0 0 15x1
a 30 300 4 x 2
11. /7-Methoxy aniline b 30 300 5 x 2
*c 60 1 0 0 0 1 0 x 1
d+ 60 1 0 0 0 15x1
a 1 2 350 1 x 2
12. 2-Nitro-p-phenyldiamine b 1 2 350 5 x 2
c 1 2 350 1 0 x 2
d* 50 1 0 0 0 13x1
a 1 0 0 500 l x l
13. N,N-dimethyl aniline b* 1 0 0 500 2 x 1
c 1 0 0 500 3x1■ * * d , e 1 0 0 500 4x1
14. p-Chloro-N-methyl aniline a 30 300 5 x 2
b 30 300 1 0 x 2
c 30 300 15x2
d+ 60 1 0 0 0 2 x 1
e 60 1 0 0 0 7x1
15.2,6-Diethyl aniline *a 30 1 0 0 0 7x1
16./?-Nitro aniline *a 60 1 0 0 0 15x1
*: the experiments were carried out under open vessel conditions to avoid 
possible explosions
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(c) Procedure for Deuteriation of N-Methylaniline Hydrochloride Salts 
under Commercial Microwave Oven Conditions
The N-methylaniline salt (30 mg) and D2O (3 ml) were added to a quartz reactor (33 
cm3) and the reaction mixture was irradiated for 1 minute at 2 0  % power in a 
Synthewave 402 microwave oven reactor/Prolabo. After cooling the process was 
repeated several times. In the event of solvent evaporation additional D2O was added 
so that the effective volume remained constant over the course of the experiment.
The procedure was repeated at
1 . various power levels (1 0 0 %) and
2 . various temperatures
At the end of the irradiation and cooling, some (500 pi) of the reaction mixture was 
then taken for *H nmr analysis as described in section 3.4.2.2(b).
The experimental details are given in Tables 10 and 11.
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Table 10. Experimental conditions for section 3.2.2.2(c) [Deuteriation of N- 
________ methyl aniline hydrochloride-d2 salt using S402 microwave ovenl.
Experiment
no.
Weight of 
Salt (mg)
Volume of 
D20  (ml)
Power (%) Irradiation 
Time (min)
1 50 3 2 0 1 x 2
2 50 3 2 0 2 x 2
3 50 3 2 0 3 x 2
4 50 3 2 0 4 x 2
5 50 3 2 0 5 x 2
6 50 3 2 0 6 x 2
7 50 3 2 0 7 x 2
8 1 0 0 3 2 0 1 x 2
9 1 0 0 3 2 0 2 x 2
1 0 1 0 0 3 2 0 3 x 2
11 1 0 0 3 2 0 4 x 2
1 2 1 0 0 3 2 0 5 x 2
13 1 0 0 3 2 0 6 x 2
14 1 0 0 3 2 0 7 x 2
15 50 3 2 0 1x3
16 50 3 2 0 2 x 3
17 50 3 2 0 3 x3
18 50 3 2 0 4 x 3
19 50 3 2 0 5x3
2 0 50 3 2 0 6x3
2 1 50 3 2 0 7x3
2 2 1 0 0 3 2 0 1x3
23 1 0 0 3 2 0 2 x 3
24 1 0 0 3 2 0 3x3
25 1 0 0 3 2 0 4 x 3
26 1 0 0 3 2 0 5x3
27 1 0 0 3 2 0 6x3
28 1 0 0 3 2 0 7x3
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Table 11. Experimental conditions for section 3.2.2.2(c) [Deuteriation of N-
methyl aniline hydrochloride-d2 salt using S402 microwave oven].
Expt
no.
Weight of 
salt (mg)
Volume 
of D2 O 
(ml)
Temperature/
power
Irradia
-tion
Time
(min)
Instrument
29 50 3 30 °C 3 S402
30 50 3 40 °C 3 S402
31 50 3 60 °C 3 S402
32 50 3 80 °C 3 S402
33 50 3 100 °C 3 S402
34 50 3 120 °C 3 S402
35 50 1.5 1 2 0 3 S402
36 50 3 20% (300W) 3 M ATSUI
37 50 3 2 0 % 3x1 S402
38 50 . 3 40% 3x1 S402
39 50 3 60% 3x1 S402
40 50 3 80% 3x1 S402
41 50 3 1 0 0  % 3x1 S402
42 50 3 1 0 0  % l x l S402
43 50 3 1 0 0  % 2 x 1 S402
44 50 3 1 0 0  % 3x1 S402
(d) Procedure for solid support acid-catalysed H/D exchange studies 
involving aniline hydrochloride^ salt itself, and 1,4- 
dimethoxybenzene with and without supporting alumina.
The same procedure was used to prepare aniline hydrochloride-d3 from aniline as 
described in section 3.4.2.2(a).
Aniline hydrochloride-d3 salt (lOOmg) and alumina (50 mg) were mixed and ground 
in a pestle and mortar, then this powder was inserted in a 25 ml pear shaped flask. It 
was irradiated on its own in a microwave oven for 2  min at low power (300W) under 
open vessel conditions. After cooling the procedure was repeated a number of times 
using 2 minute pulses. D2O (500pl) was then added to the salt so as to analyse the !H
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n m r spectrum. *H nmr spectra of the samples were recorded after 2 x 2  and 5 x 2  
minutes microwave irradiations.
The complete sequence of reactions is as follows (Figure 29)
OMe
C6H5ND3CI ,X
MW irradiation
OMe
OMe
OMe
X = DMSO 
Alumina
ND Cl
M W , 10 mins
Al 2  O 3  (alumina)
D
+ — 
NH Cl 
3
Figure 29. Reactions of aniline hydrochloride-d3  salt itself, and
1,4-dimethoxybenzene with and without supporting alumina.
In the case of aniline hydrochloride-d3 salt and 1,4-dimethoxybenzene experiment, 
at the end of the irradiation, H2O (1  ml) was added to extract the aniline 
hydrochloride (1,4-dimethoxybenzene is insoluble in water). 1,4-Dimethoxybenzene 
was filtered off, d6-acetone added to half of the portion to analyse the lH nmr 
spectrum and acetone added to the other half of the portion to analyse the 2H (TH 
decoupled) nmr spectrum. JH and 2H (*H decoupled) nmr spectra of the samples 
were recorded using d6-acetone and acetone as solvent respectively.
The experimental conditions are given in Table 12.
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Table 12. Experimental conditions for section 3.2.2.2(d) [H/D exchange 
studies involving aniline hydrochloride-d3  salt itself, and 1,4- 
______  dimethoxybenzene with and without supporting alumina]
Expt.
no
Aniline
hydroch-
loride-d3
(mg)
M -
dimethoxy
benzene
(mg)
Alumina
(mg)
DMSO-d6
Gd)
Time
(mins)
3.1.1m 1 0 0 — — 2
1 0 0 ------- — — 1 0
3.1.1.b 1 0 0 ------- 50 — 4
1 0 0 ------- 50 — 1 0
3.1.2m 30 30 — — 2
60 2 0 — — 2
50 30 — — 2
40 40 — — 2
30 50 — — 2
2 0 60 — — 2
3.1.2.b 1 0 0 1 0 0 1 0 0 — 7
1 0 0 1 0 0 1 0 0 — 1 0
50 50 50 — 2 0
3.1.2.C 1 0 0 1 0 0 — 600 1 0
1 0 0 1 0 0 — 600 18
1 0 0 1 0 0 — 600 30
1 0 0 1 0 0 600
(ordinary
DMSO)
30
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(e) Procedure for H/D Exchange reaction of 2-methylnaphthalene using 4- 
chloro-N-methylaniline hydrochloride-d2/aniline hydrochIoride-d3
The same procedure was used to prepare 4-chloro-N-methylaniline hydrochloride^, 
and aniline hydrochloride-d3 from 4-chloro-N-methylaniline and aniline respectively 
as described in section 3.
The complete reaction sequence is as follows (Figure 30):-
+  —
1. C_H ND Cl
6 5 3
MW
2. 4 - C I - C 6H4N(CH3) D 2CI 
Figure 30. Acid-catalysed H/D exchange reactions of 2-methylnaphthalene using 
4-chloro-N-methylaniline hydrochloride-d2 and aniline 
hydrochloride-d3 .
This was also the case for aniline hydrochloride-d3 salt. The experimental conditions 
are summarised in Table 13.
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Table 13. Experimental conditions for section 3.2.2.2 (e) [H/D Exchange reaction
of 2-methylnaphthalene using 4-chloro-N-methylaniline 
hydrochloride-d2/aniline hydrochloride-da]_________
Expt
no
4-chloro-N-
methylaniline
hydrochloride-d2
(mg)
2-methyl­
naphthalene
(mg)
aniline
hydrochloride-d3
(mg)
Irradi­
ation
Time
(min)
1 80 — — 3x1
2 1 0 0 — — 6 x 1
3 2 0 0 80 — 1 0 x1
4 1 0 0 50 — 6 x 1
5 1 0 0 1 0 0 — 6 x 1
6 — 1 0 0 1 0 0 3x1
3.3 Results
3.3.1 Deuteriation of Substituted Aniline Hydrochloride Salts 
under Domestic Microwave Oven Conditions
!H NMR spectral data for wz-toluidine hydrochloride compound from the literature 
reports110' 117 are given in Table 14.
Table 14. Chemical Shifts for the /w-toluidine hydrochloride compound110'117.
Position Chemical Shift (ppm) 
(free amine)
2 7.14 (6.18)
3 2.30
4 7.29 (6.58)
5 7.35 (7.03)
6 7.19 (6.27)
The results for w-toluidine and o-toluidine hydrochloride-d3 salts are given in Table 
15 and Figures 31 (a-h). Figures 31 (a-h) show the !H nmr and 2H (!H decoupled) 
nmr spectra of the samples that have been irradiated for different times.
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10
Figure 31 (a) nmr spectrum of compound (m-toluidine hydrochloride)
before microwave irradiation in D20.
U. X -VL.
OP  M
1 0 8 P B M
Figure 31 (f) *H nmr spectrum of compound (m-toluidine hydrochloride) after 
10x2 minutes irradiation time in D2Q.
u I■
10 PPM
Figure 31 (h) 2H nmr spectrum of compound (w-toluidine hydrochloride) after
10x2 minutes irradiation time (CHCI3 as nmr solvent).
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-*?P M
Figure 31 (a) !H nmr specrum of compound (m-toluidine hydrochloride) before 
microwave irradiation in D2O.
r
Figure 31 (b) 1H nmr spectrum of compound (m-toluidine hydrochloride) 
after 1 x 2  minutes microwave irradiation in D2O.
PPM
Figure 31 (c) *H nmr spectrum of compound (m-toluidine hydrocmonde)
after 3 x 2  minutes microwave irradiation in D2 O.
ffPM
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o f Substituted
10 8 6 4 2
Figure 31 (d) !H nmr spectrum of compound (m-toluidine hydrochloride)
€?PM
after 5 x 2  minutes microwave irradiation in D2O
Figure 31 (e) !H nmr spectrum of compound (m-toluidine hydrochloride)
after 8 x 2  minutes microwave irradiation in D2O.
1 0 . P B M
Figure 31 (f) 1H nmr spectrum of compound (m-toluidine hydrochloride)
after 10x2 minutes microwave irradiation in D2 O.
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Figure 31 (g) 2H nmr spectrum of compound (m-toluidine hydrochloride)
after 5 x 2  minutes microwave irradiation (CHCI3 as nmr solvent).
u "1 —  I.
10 PPM
Figure 31 (h) 2H nmr spectrum of compound (m-toluidine hydrochloride)
after 1 2  x 2  minutes microwave irradiation (CHCI3 as nmr solvent).
The !H nmr spectra show the signals (at 8=7.23ppm) due to the ortho- and para- 
hydrogens gradually disappearing whilst the 2H nmr spectrum shows the appearence 
of a strong 2H signal at the corresponding position. In this particular compound it is 
possible to calculate the % deuterium incorporated by using the signal from the 
methyl group (where no hydrogen isotope exchange occurs) as the standard. Table 15 
shows % deuteriation with time. The % deuteriation results for m-toluidine and o- 
toluidine hydrochloride-d3 are also plotted in Figure 32.
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Table 15. Results for m-toluidine and o-toluidine hydrochloride-d3  salts.
Compound Experiment
number
Irradiation 
time (mins)
% Deuteriation 
at ortho and 
para positions
Spectra 
Figure no
1 . m-
Toluidine
a 2 x 1 33 31(b)
b 3 x 2 48 31(c)
c 5 x 2 57 31(d), 31(g)
d 8 x 2 59 31(e)
e 1 0 x 2 91 31(f), 31(h)
2 . 0 - 
Toluidine
a l x l 30
b 1 x 2 80
c 2 x 2 92
d 5 x 2 1 0 0
e 8 x 2 1 0 0
f 1 2 x 2 1 0 0
The *H nmr spectra show a consistent decrease in the aromatic signals, as deuteriation 
increases. The 2H nmr spectra (Figures 31 (g) & 31 (h)) show two prominent peaks in 
the aromatic region -  the other small additional signals are due to deuterium at 
natural abundance in CHCI3 and H2O.
The sites of deuteriation are the o & p  positions -  this is establised by comparing the 
!H nmr spectrum of the starting hydrochloride before and after microwave irradiation. 
In theory there are 4 aromatic positions that can undergo exchange (a,b,c,d). The o 
and p  positions are favoured but c is unlikely (meta position) whilst one of the ortho 
positions(a) is sterically hindered therefore it is positions d and b that are deuteriated 
in meta-methylaniline.
NH
d
c
CH
Figure 33. Structure of m-toluidine.
70
Chapter 3: Acid-Catalvsed Hvdrosen-Deuterium Exchange Reactions o f Substituted
Aniline Hydrochloride Compounds
♦ -  m-Tduidine - i — o-Tduicfine
120
.2 100
o.
3010 15 205 250
Time (min)
Figure 32. Plot of % deuteriation at the o, p - positions in m-toluidine and o-toluidine 
hydrochloride-d3 salt as a function of microwave irradiation time.
Figure 32 also shows that the percentage deuteriation increases up to « 100% for 
the o-toluidine hydrochloride salt. This indicates that at low power and two minute 
pulses ortho-toluidine can be selectively labeled at two positions only. These are the 
ortho and para positions because the amino group is an electron activating group 
(donating group). As the number of two minute pulses is increased complete 
equilibrium occurs.
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3.3.2 Calculation of % Deuteriation of substituted aniline hydrochlorides 
For example m-toluidine salt
% Deuteriation was calculated from the integral of proton NMR spectra of the 
compound using -CH3 as an internal standard (where no hydrogen exchange 
occurs).Integral values are given in Table 16.
Table 16. Integral values of m-toluidine salt.
Figure no (time (min)) Aromatic hydrogens Methyl hydrogens
5b (1x2) 76.5 76.3
5c (3 x 2) 78.2 91.4
5d (5 x 2) 43.2 56.8
5e ( 8  x 2) 53.7 72.2
5f (10 x 2) 30.1 70.3
Integral data are taken from the H nmr spectra. 
Before microwave irradiation
Integral Ratio of initial = total no of aromatic hydrogens/total no of
hydrogens in CH3
= 4/3 
= 1.3
after 2  minutes irradiation integral ratio = integral value of aromatic hydrogens/
integral value of methyl hydrogens
We can get the integral value directly from the spectra or we can measure the height 
of the integral.
= 76.5/76.3 
=  1.0
% hydrogen remaining in the aromatic ring = (1 .0 / 1 .3) x 1 0 0  % 
thus, % deuteriation in the aromatic ring = (1-1.0/1.3) x 100 %
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= 24.9%
therefore % deuteriation in the ortho and para positions
= 24.9x4/3%
= 33%
after 6  minutes irradiation integral ratio = integral value of aromatic hydrogens/
integral value of methyl hydrogens
= 78.2/91.4 
=  0.8
% hydrogen remaining in the aromatic ring = (0 .8 / 1 .3) x 1 0 0  % 
thus, % deuteriation in the aromatic ring = (1-0.8/1.3) x 100 %
= 35.7 %
therefore % deuteriation in the ortho and para positions
= 48%
like these
after 1 0  minutes irradiation
% deuteriation in the ortho and para positions =57%
after 16 minutes irradiation
% deuteriation in the ortho and para positions =59%
after 2 0  minutes iiradition
% deuteriation in the ortho and para positions = 91%
These procedures were carried out for all the investigations. The results are 
summarised in Tables 17 and 20.
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Tablel7. The results for the remaining salts.
Compound (hydrochloride 
salts)
Experiment
number
Time
(min)
% Deuteriation 
at the o,p - 
positions
3. 4,4-Methylene dianiline a 2 x 2 6
b 6 x 2 26
c 9 x 2 64
d 13x2 72
e 16 x 2 90
4. Di(4-aminophenyl)sulfone a 1 0  x 2 6
b* 2 x 1 24*c 3x1 39
d* 8 x 1 52*e 13x1 70
f 2 0 x 1 85
5. N-Methyl aniline A, a' 1 x 2 60, 47 (ave=54)
B, b’ 2 x 2 50, 41 (ave=46)
c 4 x 2 39
d 7x 2 80
e 1 0 x 2 72
6 . o-Ethyl aniline a 2 x 2 23
b 4 x 2 80
c 6 x 2 55
d 1 0 x 2 39
e 15x2 71
7. /7-Hydroxyaniline a 3 x 2 +
b 5 x 2 +
8 . Ethyl-4-aminobenzoate a 5 x 2 72
9. p-Bromo aniline a 1 x 2 +
b 5 x 2 +
c 8 x 2 +
10. o- Bromo aniline *a 1 0 x 1 34
b* 15x1 43
11. /7-Methoxy aniline a 4 x 2 19
b 5 x 2 1 0*c 1 0 x 1 89
d* 15x1 96
1 2 . 2 -Nitro-p-phenyldiamine a 1 x 2 2 0
b 5 x 2 38
c 1 0 x 2 34
d* 13x1 79
13. N,N-Dimethyl aniline a l x l 1 0
b* 2 x 1 42*c 3x1 57
tV *D , e 4x1 84, 98
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14. /7-Chloro-N-methyl aniline a 5 x 2 —
b 1 0 x 2 —
c 15x2 —
d* 2 x 1 79
*e 7x1 84
15. 2,6-Diethyl aniline a* 7x1 35
16. /7-Nitro aniline a 15x1 83
* : the experiments were carried out under open vessel conditions to avoid possible 
explosions 
+ : signifies presence of deuterium 
- : signifies absence of deuterium
Table 18. The results for section 3.2.2.2 (c) [Deuteriation of N-methyl 
aniline hydrochloride-d2 salt using S402 microwave ovenl.
Experiment
number
Time(min) % Deuteriation at the ortho and 
para positions
1 1 x 2 4
2 2 x 2 41
3 3 x 2 42
4 4 x 2 34
5 5 x 2 46
6 6 x 2 45
7 7 x 2 44
8 1 x 2 5
9 2 x 2 43
1 0 3 x 2 43
11 4 x 2 38
1 2 5 x 2 42
13 6 x 2 38
14 7 x 2 45
15 1x3 40
16 2 x3 41
17 3x3 38
18 4x3 37
19 5x3 38
2 0 6x3 48
2 1 7x3 46
2 2 1x3 39
23 2x3 44
24 3x3 37
25 4 x 3 39
26 5x3 41
27 6x3 40
28 7x3 44
29 3 No exchange
30 3 33
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31 3 45
32 3 43
33 3 46
34 3 45
35 3 54
36 3 81
37 3x1 16
38 3x1 1 2
39 3x1 14
40 3x1 1 2
41 3x1 6 8
42 l x l 61
43 2 x 1 74
44 3x1 77
Table 19. Summary of results for section 3.2.2.2 (d) [H/D exchange
studies involving aniline hydrochloride^ salt itself, and 1,4- 
______  dimethoxybenzene with and without supporting alumina].
Expt.
no
Time
(mins)
Deuterium incorporation
Aniline
hydrochloride-d3
1,4-Dimethoxybenzene
ring -o c h 3
3.1.1.a 2 + -
10 + - -
- -
3.1.1.b 4 + - -
10 + - -
-
3.1,2. a 2 + -
2 + -
2 + -
2 + -
2 + -
2 + -
-
3.1.2.b 7 + + -
10 + + -
20 + + +
-
3.1.2.C 10 + + -
18 + + -
30 + + -
30 + + -
Where,
+ signifies presence of deuterium 
- signifies absence of deuterium
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Table 20. Summary of results for section 3.2.2.2 (e) [H/D Exchange
reaction of 2-methylnaphthalene using 4-chloro-N-methylaniline 
______  hydrochloride-d2/aniline hydrochloride-ckl________________
Expt.
no
Deuterium incorporation
4-chloro-N-
methylaniline
hydrochloride-d2
2-methyl­
naphthalene
aniline
hydrochloride-d3
Ring -c h 3 Ring -c h 3
1 + -
2 + -
3 + - - -
4 + - - -
5 + - - -
6 - - +
3.4 Discussion
3.4.1 Deuteriation of m-toluidine and o-toluidine hydrochloride salts
The !H nmr spectra show a consistent decrease in the aromatic signals, as deuteriation 
increases. The 2H nmr spectra (Figures 31 (g) & 31 (h)) show two prominent peaks in 
the aromatic region -  the other small additional signals are due to natural abundance 
deuterium in CHCI3 and H2O.
The sites of deuteriation are the o & p  positions -  this is establised by comparing the 
!H nmr spectrum of the starting hydrochloride before and after microwave 
irradiation.
Theory tells us that the ortho and para positions are favoured but c is unlikely (meta 
position) whilst one of the ortho positions (a) is sterically hindered in this particular 
compound. From the spectral results, the hindered position (a) has also labelled in m- 
toluidine compound.
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3.4.2 Deuteriation of all the substituted aniline hydrochloride salts
Acid-catalysed hydrogen isotope exchange of a number of aromatics has been studied 
under microwave enhanced conditions and good deuterium incorporation has been 
achieved, usually in the ortho, and, if possible para -positions. The % deuteriation as 
can be seen in Table 21 and Figure 34 is frequently of the order of 80-90 %, thereby 
making the method extremely attractive. Clearly excellent incorporation in the ortho 
and para positions has taken place and this extremely rapidly. Hindered position is 
also labelled using microwave heating.
Table 21. Summary of the % deuteriation achieved for the
various compounds.
Compound
Time (mins) 
required for 
maximum 
deuteriation
Maximum % deuteriation 
at the 0,/7-positions
m-Toluidine 2 0 91
o-Toluidine 1 0 1 0 0
4,4'-Methylenedianiline 32 90
Di(4-aminophenyl)sulfone 2 0 80
N-Methyl anililne 14 80
o-Ethyl aniline 8 80
Ethyl-4-aminobenzoate 1 0 72
o-Bromo aniline 15 43
/?-Methoxy aniline 15 96
2-Nitro-p-phenyldiamine 13 79
N,N-dimethyl aniline 4 98
/?-Chloro-N-methyl aniline 7 84
2,6-Diethyl aniline 7 35
/ 7-Nitro aniline 15 83
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It is also clear that operating the microwave experiments in an open vessel provide 
distinct advantages. Not only is the risk of an explosion greatly reduced but also 
much better deuteriation takes place. This is an important finding. In the short time 
required no hydrolysis products were observed.
In N-methyl aniline hydrochloride salt under commercial microwave oven conditions, 
it is shown that focused microwaves with using control of power levels and reaction 
temperature are more efficient than multimode microwave irradiation.
3.4.3 H/D exchange reaction of 1,4-dimethoxybenzene and 2- methylnaphthalene
The results from the studies of H/D exchange for 1,4-dimethoxybenzene and 2- 
methylnaphthalene are summarised in Tables 15 and 16. In all of the cases studied no 
deuterium transfer to the methoxy groups of 1,4-dimethoxybenzene (2- methyl 
naphthalene) has taken place. Where there are signs that deuterium has been 
transferred to the ring the percentage is low and less than 10 %. Therefore had a 
situation in which the deuterium (in the aniline hydrochloride salt) is labile but that it 
can not be accepted by the acceptor (1,4-dimethoxybenzene). Further studies in this 
area should be directed at obtaining a better i.e. more favourable, acceptor.
80
CHAPTER FOUR
Acid-Catalysed Hydrogen-Deuterium Exchange Reactions 
of Substituted Pyridine Compounds
81
Chapter Four: Acid Catalysed Hvdroaen-Deuterium Exchange Reactions of Substituted Pvridines
Compounds
4. Acid Catalysed Hydrogen-Deuterium Exchange Reactions of Substituted 
Pyridines Compounds
4.1 Introduction
As mentioned earlier, acid catalysed hydrogen isotope exchange reactions are one of the 
most widely used methods for introducing deuterium into organic compounds. However, 
most of the exchange reactions require high temperatures and long periods of time. It was 
believed that a large decrease in the reactions times could be obtained using microwave 
irradiation118,119. Pyridine derivatives were chosen to investigate the effectiveness of this 
new technique. Here we have investigated as an extension to those initial studies, a range 
of heterocyclic compounds, some of which are of interest to the pharmaceutical industry.
4.2 Pyridine
The pyridine scaffold is an essential structural element of various drugs, including 
antihistamines, antiseptics, antirheumatics, and numerous other drugs120. Since pyridine 
and benzene have essentially the same molecular size and shape, the differences in 
physical properties between the two may be attributed largely to the greater polarity of 
pyridine. This increase in polarity results from the presence of the electronegative 
nitrogen atom in the ring; the nitrogen atom is the centre of negative charge and the 
positive charge is distributed over the rest of the ring.
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Figure 35. Structure of pyridine
The resonance method121'125 predicts from a summation of all contributing structures that 
there will be a partial positive charge at the 2 (a), 4 (P) and 6 (y) position of pyridine and 
a net negative charge on the nitrogen (Figure 35). This problem does not arise in the case 
of benzene because it is not necessary to include any charged structure for the benzene 
ring.
The mechanism of microwave heating is essentially that of dielectric heating. Some 
maximum values of the dielectric constants126 of liquids are given in Table 22.
Table 22. Dielectric constant for some solvents.
Solvent Dielectric constant 
(temperature °C)
Aniline 7.3 (18)
Aniline 6.0 (20)
D20 78.2 (25)
Pyridine 12.3 (25)
Quinoline 9.0 (20)
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4.3 Apparatus
The same domestic microwave oven (Matsui M l 67 BT) was used throughout the work as 
described in Chapter 3.
4.4 Experimental Details
4.4.1 Material
All chemicals and reagents were of analytical-reagent grade. The chemicals were used 
after their purities had been checked, usually by [H nmr spectroscopy. The reagents were 
used without further purification. The compound 28, 4-hydroxy-2,6-dimethylquinaxoline 
was provided by Zeneca.
The hydrochlorides that have been investigated as follows:
Group A (mono substituted pyridine) -
2-aminopyridines (17), 4-aminopyridine (18), 4- methylpyridine (19), and 2- 
methylaminopyridine (20), and 4-N,N-dimethylaminopyridine (21).
Group B (di-substituted pyridine) -
2-amino-4-methylpyridine (22), 2-amino-3-methylpyridine (23), 
2,5-diaminopyridine (24), and 2-amino-5-bromopyridine (25).
Group C (fused ring pyridine) -
5-amino-8-hydroxyquinoline (26), 4-hydroxy-2,6-dimethylquinaxoline (27), 
3,8-diamino-6-pheneyl-phenathridine (28).
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N CH
27
Ph
NH
— N
28
R
N'
17 R= 2-NH2
18 4-NHj
19 4-CH.
20 2-CH2NH2
R,
22 R ^ H ,  R2 = CH3 R3 = H
23 = CH3, R2 = H, R3 = H
24 R-j = H, R2 = H, R3= NH2
25 R -^ H ,  R2 = H, R3= Br2.1 4-N(CH3)2
Figure 36. Compounds used in acid-catalysed H/D exchange reaction.
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An example of a typical reaction is as follows (Figure 37): 
Ph
3,8-diamino-6-phenylphenanthridine
Ph
1. 3M HCI, 1-2  hrs, RT
ND-CI
2  D20  , 2  hrs, RT
3 . D20  fMW 12  m ins
Cl D
1. Aqu NaOH
2. CH2CI2
3. H20
4. remove solvent
NH.
Figure 37. Acid-catalysed H/D exchange reaction of 3,8-diamino-6- 
phenylphenanthridine.
4.4.2 Experimental
The hydrochloride salts (compounds 17-28) were prepared by adding equal moles of 
compound and hydrochloric acid, as that described in Chapter 3 for substituted anilines. 
The 2- and 4- aminopyridines were considered monobasic in dilute acid solution122.
The literature reports that for 2-aminopyridine protonation is on the ring nitrogen, as 
also is the case for 4-aminopyridine whereas for 3-aminopyridine protonation is on both
173 194the ring nitrogen and ammo groups ’
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The quantities specified in Table 23 were placed in a small (25 cm3) pear shaped glass 
flask and subjected to microwave irradiation for short (mainly 2  minutes) periods using 
low power (20%) setting. To avoid undue build-up of pressure the vessel was left 
unstoppered and also cooled between irradiation periods. In the event of solvent 
evaporation additional D2O was added so that the effective volume remained constant 
over the course of the experiment.
The subsequent treatment was as described for substituted anilines (section 3.2.2.2.(b) in 
Chapter 3).
The nmr spectra of the compounds hydrochloride salts were recorded before and after 
they had been subjected to microwave irradiation. The decrease in the integrals was then 
used to calculate the % deuterium incorporation.
In addition the salts were also neutralised with aqueous NaOH solution (1M) and the free
amine extracted with CH2CI2 and washed with water (5 ml, 3 times). A small amount of
anhydrous Na2SC>4 was then added to the separated CH2CI2 solution. The CH2CI2 solution
was then pipetted off and the CH2CI2 removed by rotary evaporation. The deuteriated
0  1free amine was taken up in CH3CN and the H ( H decoupled) nmr run at 46 MHz.
The 2H ([H decoupled) nmr spectrum of the salts/free amine, which had been subjected to 
microwaves was also recorded to confirm that deuteriation had occurred at that site.
The same procedure was used for all the investigations of heterocyclic compounds. The 
experimental conditions are given in Table 23.
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Table 23. Summary of experimental conditions (for compounds 17-28).
Compound 
number3 (mg)
Expt.
number
d 2o Solvent
d6-DMSO
(Pi)
Open
/closed
Irrdn
Time
(mins)
28 (30) 1 1 ml — Open 10x1
17 (30) 2a 300 pi — Closed 5x2
17(10) 2b 400 pi — Closed 5x2
17 (10) 2c 400 pi 200 Closed 5x2
17(8) 2d 1ml — Open 10x1
17(16) 2 e 1ml — Open 10x1
17 (32) 2f 1ml — Open 4x1
17 (32) 2g 1ml — Open 15x1
17 (32) 2h 2 ml — Open 1x2
17 (32) 2i 2 ml — Open 2x2
17 (32) 2j 2 ml — Open 3x2
17 (32) 2k 2 ml — Open 4x2
17 (32) 21 2 ml — Open 5x2
18 (50 ) 3a 1ml — Open 2x1
18 (50) 3b 1ml — Open 3x1
19 (50) 4 2 ml — Open 6x2
20 (50) 5 2 ml — Open 6x2
21 (50) 6 2 ml — Open 5x2
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Table 23 contineud
Compound 
number as 
their 
hydrochloride 
salt (mg)
Expt.
Number
d 2o Solvent
d6-
DMSO
(Hi)
Open
/close
Irradiation 
Time (mins)
22 (30) 7a 300 pi — Closed 6x2
22 (30) 7b 300 pi — Closed 10x2
22 (30) 7c 300 pi — Closed 17x2
22 (50) 7d 2 ml — Open 2x2
22 (50) 7 e 2 ml — Open 3x2
22 (50) I f 2 ml — Open 6x2
22 (50) 7g 2ml (2:1 
D20 :
h 2o )
Open 10x2
23 (50) 8 2 ml — Open 6x2
24 (30) 9a 600 pi — Open 2x1
24 (30) 9b 600 pi — Open 4x1
24 (30) 9c 600 pi — Open 14x1
25 (30) 10 600 pi — Open 10x1
26 (30) 11a 300 pi — Closed 11x2
26 (30) l ib 700 pi — Open 2x2
27(5) 12a 1ml — Open 7x2
27(4) 12b 300 pi — Closed 10x2
The compounds containing a methyl group were used in order to investigate whether H/D 
exchange could take place at this site as well as in the ring (Experiment number 7g). 
a: as their hydrochloride salt
4.5 Results
The results for compounds 17-28 are given below.
4.5.1 3,8 Diamino-6-phenyl-phenanthridine (Compound 28)
The results for 3,8 diamino-6-phenyl-phenanthridine hydrochloride salt are given in 
Figures38 (a-c). Figures 38 (a) and 38 (b) show the *H nmr spectra of the 3,8 diamino-
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6 -phenyl-phenanthridine (free amine) before and after microwave irradiation ( 1 0
2 1minutes). Figure 38 (c) shows the H ( H decoupled) nmr spectrum of the 3,8 diamino-6 - 
phenyl-phenanthridine (free amine) after microwave irradiation. The chemical shifts for 
the 3,8 diamino-6 -phenyl-phenanthridine (28, free amine) are given in Table 24.
127Table 24. Chemical shifts for the 3,8 diamino-6-phenyl-phenanthridine 
_________(compound 28, free amine).________________
Hydrogen
position
Chemical shift (ppm)
2 7.01
3-NH2 1.87
4 7.12
5 8 . 2 2
6 -ph 7.53
7 7.15
8 -NH2 1.87
9 7.25
1 0 8.41
By comparing Figure 38 (b) with Figure 38 (a), the signals (at 7.10 and 7.15 ppm) due to 
the hydrogens ortho to the amino groups disappeared whilst the 2H nmr spectrum 
(Figure 38 (c)) shows the appearence of strong 2H signals at the corresponding positions. 
As described in section 3.3.2 in Chapter 3, the same procedure was used to estimate the 
% deuteriation in the aromatic ring from the integrals in the nmr spectra of the 
compound using meta hydrogen (where no hydrogen exchange occurs) as internal 
standard.
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(EPPIN10
Figure 38 (a) *H nmr spectrum for the 3,8 diamino-6 -phenyl-phenanthridine in CD3CN 
before microwave irradiation
/
Figure 38 (b) nmr spectrum for the 3,8 diamino-6 -phenyl-phenanthridine in CD3CN 
after microwave irradiation (1 0 x 1 min)
10
Figure 38 (c) 2H (!H decoupled) nmr spectrum for the 3,8 diamino-6 -phenyl-
phenanthridine in CH3 CN after microwave irradiation (10x1 min)
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Deuteriation occurs in 3,8 diamino-6-phenyl-phenanthrine at the ortho positions (4 and 7, 
95%) to the amino group in the ring under open vessel conditions in 10 minutes.
The same nmr technique was applied for the all investigations to calculate the % 
deuteriation in the ring/side-chain and also to identify which positions have been labelled 
(section 3.2.2 in Chapter three).
4.5.2 2-Aminopyridine (Compound 17)
For 2-aminopyridine (17) the degree of deuterium incorporation was studied as a function 
of time and the results obtained are summarised in Table 25 and plotted in Figure 39.
Table 25. Summary of deuteriation results for compound 17.
Compound
number
Experiment.
number
Incorporation ( + is 
positive, - signifies no 
incorporation)
17 2a -
17 2b -
17 2c -
17 2d -
17 2e -
17 2f 32%
17 2g 31%
17 2h 3%
17 2i 16%
17 2j 25%
17 2k 57%
17 21 95%
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Figure 39. Plot of % deuteriation against irradiation time for 2-aminopyridine 
hydrochloride, compound 17 (under open vessel conditions, 
experiment numbers 2h-21).
4.5.3 All the remaining compounds
The results for the deuteriation of compounds 18-27 hydrochloride salts are summarised 
in Table 26.
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Table 26. Summary of deuteriation results for the remaining substituted pyridine 
_______ compounds (18-27).__________________  ________ _______________
Compound number Experiment number % Deuterium 
incorporation at different 
sites
At the ortho 
position
side chain
18 3a 24
18 3b 71
19 4 - 97
20 5 - 100
21 6 74 -
22 7a - -
22 7b - -
22 7c - -
22 7d 56 30
22 7 e 77 48
22 7f 92 75
23 8 97 -
24 9a 20
24 9b 30
24 9c 100
25 10 71
26 11a 14
26 l ib 98 (6) and 
33(2)
27 12a - 63
27 12b - -
4.6 Discussion
Acid catalysed hydrogen/deuterium exchange studies under the influence of microwave 
irradiation have been carried out on a number of mainly heterocyclic compounds (Figure 
40 and Table 27). In the heterocyclic compounds examples of ring deuteriation as well as 
side-chain deuteriation have occurred fairly rapidly (less than 20 minutes).
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For 3,8 diamino-6-phenyl-phenanthridine (compound 28), deuteriation has occured at the 
ortho positions (4 and 7, 95%) to the amino group in the ring under open vessel 
conditions in 10 minutes.
For 2-aminopyridine (compound 17) the degree of deuterium incorporation was studied 
as a function of time and the results obtained are summarised in Table 3 and plotted in 
Figure 39. Thus nearly complete i.e. 100 % deuteriation can be achieved in 10 minutes. 
These results refer to open vessel conditions -  under closed vessel conditions exchange 
was inhibited. For such conditions longer irradiation times may be necessary.
For 4-aminopyridine and 4-N,N-dimethylaminopyridine(compound 18 and 21), 
deuteriation has occurred at the ortho positions to the amimo group.
For 2- and 4-methylpyridine hydrochloride salts (compounds 19 and 20) the results show 
that deuteriation occurs in the methyl group.
The results show that for the 2-amino-4-methylpyridine salt (compound 22) deuterium 
has been incorporated in the methyl group as well as the ortho, para positions in the ring. 
In contrast 2-amino-3-methylpyridine salt (compound 23) the deuteriation is confined to 
the single ring ortho positions. For the 2,5-diaminopyridine (compound 24), and 2- 
amino-5-bromopyridine (compound 25) good deuterium incorporation in the ortho 
positions is achieved. In all cases an open, rather than a closed, vessel was favoured.
For the 5-amino-8-hydroxy quinoline (compound 26) specific deuteriation at C-6 has 
occurred. For the 4-hydroxy-2,6-dimethylquinolinaxoline (compound 27) it is the methyl 
group that is deuteriated whilst for the 3,8-diamino-6-phenyl-phenanthridine (compound 
28) the positions ortho to the two amino groups are deuteriated.
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In 4-hydroxy-2,6-dimethylquinaxoline hydrochloride salt deuteriation only occurs at the 
methyl groups.
Table 27. Summary of % deuteriation results for the substituted pyridine
compounds (17-28).
Compound Name (number) Irradiation 
Time (min)
%  Deuteriation
2-Aminopyridines (17) 10 95
4-Aminopyridine (18) 3 71
4- Methylpyridine (19) 12 97 (side-chain)
2- Methylaminopyridine (20) 12 100
4-N,N-dimethylaminopyridine (21) 10 74
2-Amino-4-methylpyridine (22) 12 92 (ring) and 
75 (side-chain)
2-Amino-3-methylpyridine (23) 12 97
2,5-Diaminopyridine (24) 14 100
2-Amino-5-bromopyridine (25) 10 71
5-Amino-8-hydroxyquinoline (26) 4 98
4-Hydroxy-2,6-dimethylquinaxoline (27) 14 63 (side-chain)
3,8 -Diamino-6-pheneyl-phenathridine (28) 10 95
96
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The results for the three different types of compounds -  the mono-substituted pyridines, 
the di-substituted pyridines and the fused ring compounds -  all illustrate the very 
pronounced benefits that are to be obtained from the use of microwaves in hydrogen 
isotope exchange studies.
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5. Solvent Effects in Microwave Dielectric Heating
5.1 Introduction
Solvents are essential to modem life because they provide an effective 
cost/performance basis for the processing, manufacture and formulation of 
many thousands of products and substances.
As previously mentioned in chapter one, if the solvents are to be used as the 
source of heat then they must couple effectively with microwave radiation. 
Whilst various solvents can be used a number of factors need to be considered. 
The type of vessel used may be incompatible with certain solvents and with 
open vessel systems flammability and volatility are both important issues. 
Solvents such as (CHs^NCHO, (CTh^SO, MeCN and CH2CI2 are all useful for 
particular kinds of reaction but obviously there are some limitations to each. It 
has been shown that with microwave irradiation solvents can be heated above 
their boiling points and it may be argued that it is this form of superheating 
which leads to observed rate enhancements for many reactions1'3,6’8’24,45,47,49,56. 
In this chapter we have examined superheating effects of organic solvents and 
studied the deuteriation of some substituted aniline hydrochloride salts in 
D2O/DMSO solvent mixtures. In all cases the reagents are dissolved in a 
solvent (e.g. DMSO) which couples effectively with microwaves and generates 
the heat energy required to promote the deuteriations.
Substantial rate increases are observed, attributed essentially to the effect of 
higher pressure and superheating of the solvents and in the reaction times were 
decreased considerably compared to previous methods. Significant examples of 
such work are described below.
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5.2 Experimental details
To investigate solvent effects on microwave dielectric heating, firstly some 
common solvents were heated in a commercial microwave oven (Synthewave 
402 / monomode). Secondly, the following amines were chosen:
1. N-Methyl aniline (Compound number 5 in Chapter 3)
2. 4,4’-Methylene dianiline (Compound number 3 in Chapter 3)
3. 4,4’-Sulfonyl dianiline (Compound number 4 in Chapter 3)
4. /7-Hydroxy aniline (Compound number 7 in Chapter 3)
5.2.1 Apparatus
The same commercial microwave oven (Synthewave 402 Reactor/Prolabo) 
was used throughout the work as described in Section 3.2.1 in Chapter 3.
5.2.2 Materials
All chemicals and reagents were of analytical-reagent grade. The chemicals 
were used after their purities had been checked usually by *H nmr 
spectroscopy. The reagents were used without further purification.
The reaction scheme is as follows Figure 41:
+
1. aq  NaOH
3. D20/d6-DMS0, microwaves
3. H20 ,  anhydrous Na2S 0 4
Figure 41. Acid-catalysed H/D exchange reaction of substituted aniline 
hydrochloride salts in D2 0 /d6-DMS0 .
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5.2.3 Experimental Procedures
The relevant quantities used and the experimental conditions are given in
Tables 28-31. A typical reaction would be conducted as follows:
5.2.3.a Procedure for Studying Solvent Super-Heating Effects
1. Compound (5) hydrochloride salt (30 mg) in D20(3ml) was irradiated 
at different power levels (20, 100 % power) and the reaction temperature 
was recorded. The reaction temperature against time was plotted at 
different power level (Figure 42).
2. Solvent (3 ml) was added to a quartz reactor (33 cm3) and it was then 
heated at different power levels for 3 minutes in a commercial microwave 
oven. The solvents used to examine super-heating effects and the 
experimental conditions are given in Table 28. During microwave heating, 
the temperature was recorded for several organic solvents (Table 32) and 
the temperature against time was plotted for these solvents (Figure 43).
Table 28. Experimental Heating Condition for Common Organic Solvents.
Solvent Volume
(ml)
Time
(min)
Power (%)
1. Butanol 3 3 100
2. Dichloromethane 3 3 100
3. Chloroform 3 3 100
4. 1,4-Dioxane 3 3 100
5. Dimethylformamide 3 3 100
6. Dimethylsulphoxide 3 3 100
7. Ethanol 3 3 100
8. Water 3 3 100
102
Chapter Five: Solvent effects in microwave dielectric heating
5.2.3.b Procedure for Preparation of Substituted Aniline Hydrochloride 
Salts
The hydrochloride salts (3,4,5 and 7) were prepared by adding equal moles of 
compound and hydrochloric acid as described in Chapter 3 for substituted 
anilines.
5.2.3.C Procedure for Deuteriation of Substituted Aniline Hydrochloride 
Salts
The same procedure was used as described in Section 3.2.2.2 (c) in Chapter 3. 
In all experiments of hydrogen-deuterium exchange the *H nmr spectra of a 
solution of the substrate in a deuteriated solvent were recorded, both before and 
after deuteriation has taken place; the 2H nmr (*H decoupled) spectra were also 
obtained. For this work a Bruker AC 300 instrument operating at 300 MHz for
1 9the H nmr spectra and at 46 MHz for the H nmr spectra was used.
The 2H nmr (*H decoupled) spectra were used to determine the regio- 
selectivity whilst !H nmr spectroscopy, using non-exchanging groups such as 
-CH2 (methylene group), meta hydrogens etc. as internal standards, allowed 
the % deuteriation to be calculated.
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Table 29. Experimental condition for N-methyl aniline hydrochloride salt.
Compound number as 
the hydrochloride Salt 
(mg)
Expt
no
d 2o
(ml)
DMSO-d6
(ml)
Under
N 2(g)
Time
(secs)
5(40) 1 1.25 0.25 + 60
5(40) 2 1.00 0.50 + 60
5(40) 3 0.75 0.75 + 60
5(40) 4 0.75 0.75 + 120
5(40) 5 0.75 0.75 - 20
5(40) 6 0.75 0.75 - 40
5(40) 7 0.75 0.75 - 60
5(40) 8 0.75 0.75 - 80
5(40) 9 0.75 0.75 - 2x60
5(40) 10 0.75 0.75 - 5 x 60
100% power was used in each experiment.
+:the sample was irradiated under a stream of N2 (g) 
the sample was irradiated as described in Chapter 3.
Table 30. Experimental condition for N-methyl aniline hydrochloride salt3.
Compound 
number as the 
hydrochloride Salt 
(mg)
Expt
no
Solvent ratio 
(D20/DMS0-d6, 
v/v %)
Time
(sec)
Figure
no
5(30) 11 90/10 60 3b
5(30) 12 70/30 60 3c
5(30) 13 50/50 60 3d
5(30) 14 30/70 60 3e
5(30) 15 10/90 60 3f&g
a: the reaction total volume was maintained constant (1.5 ml).
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Table 31. Experimental conditions for compounds number 3, 4 and 7
Compound number as 
the hydrochloride Salt 
(mg)
Expt no D20  (pi) DMSO-de
(Ftl)
Time
(secs)
3(30) 16 800 800 60
3(30) 17 800 800 75
3(30) 18 800 800 2x75
3(30) 19 800 800 3x75
3(30) 20 800 800 90
3(30) 21 400 400 75
3(30) 22 400 400 2x75
4(30) 23 800 800 60
4(30) 24 800 800 2x60
4 (30) 25 800 800 90
4(30) 26 800 800 120
4(30) 27 400 400 120
7(30) 28 160 1440 60
7(30) 29 160 1440 2x60
7(30) 30 160 1440 75
7(30) 31 160 1440 90
7(30) 32 160 1440 120
100% power was used in each experiment.
% deuteriation was calculated using -CH2 group as an internal standard for compound 3 and 
meta hydrogen was used to calculate % deuteriation for compound 4 and 7.
5.3 Results
The results are summarised in Tables 32-36 and Figures 42,43 and 45. Figures
1 944 (a-g) show the H nmr and H nmr spectra of the sample (in different 
solvent mixtures) that has been irradiated in the microwave oven. As described 
in Section 3.3.1 in Chapter 3, % deuteriation was calculated from the integral 
of the lH nmr spectrum using an internal standard where no hydrogen 
exchange occurs.
5.3.1 Solvent Super-Heating Effects
The effect of changing the applied power on the rate of microwave heating is 
illustrated in Figure 1 using the hydrochloride salt (5) in D2O. In Figure 2 the
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variation in temperature for eight solvents is illustrated and the maximum 
recorded temperatures after 3 minutes irradiation is given in Table 32.
- ♦ —20% Power 
100% Power
20 40 60
Time (sec)
p
0
n -*—■ 
CO 
l_
0
Q.
E
0I—
140
120
100
80
60
40
20
0
Figure 42. The effect of changing the power input on the rate of
temperature increase (using N-methyl aniline hydrochloride in 
D20).
Table 32. Temperature of a fixed volume (3 ml) of several solvents after
irradiation for 3 minutes at 100% power in an open vessel.
Solvents Boiling point (under 
conventional heating)
Temperature under 
microwave irradiation
1. 1-Butanol 118 150
2. Dichloromethane 40 53
3. Chloroform 61 83
4. 1,4-Dioxane 101 40
5. Dimethylformamide 153 181
6. Dimethylsulfoxide 189 225
7. Ethanol 78 109
8. Water 100 113
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Figure 43. Temperature variation for common organic solvents on 
microwave irradiation.
5.3.2 Results for section 5.2.3.C (Compound number 5)
Table 33. Results for section 5.2.3.C (Compound number 5).
Expt no % Deuteriation in 
the ortho and para 
positions
Maximum
reaction
temperature
Observation (colour)
1 18 120 unchanged
2 7 133 unchanged
3 15 142 unchanged
4 68 130 Slightly changed 
(accompanied by 
small amount of 
decomposition)
5 12 122 unchanged
6 30 148 unchanged
7 73 167 unchanged
8 - 195 Changed
(decomposition)
9 100 166 unchanged
10 100 167 unchanged
Figures 44 (a-g) show the 'H nmr and 2H ('H decoupled) nmr spectra of the 
samples that have been irradiated for l minute using different D2 0 /DMS0 -d6 
solvent ratios. Chemical shifts for the compound 5 (N-methyl aniline
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hydrochloride salt) are given in Table 37. Chemical shifts124-127’ 129 for N- 
methyl aniline hydrochloride compound are given in Table 34.
Table 34. mical Shifts for N-methyl aniline hydrochloride114-117’12^laoie ot. ^uuiuivfli 
Position “Chemical Shift (ppm)
2,6 (ortho) 7.41
3,5 (meta) 7.54
4 (para) 7.35
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Figure 44 (a) *H nmr spectrum of die sample before microwave irradiation.
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Figure 44(b) 'Hnmr spectrum of the sample after 1 mins microwave hradiation ( v/v % -  
90/10)
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Figure 44 (c) JH nxnr spectrum of the sample after 1 mins microwave irradiation ( v/v % = 
70/30)
Figure 44 (d) *H nmr spectrum of the sample after 1 mins microwave irradiation ( v/v % = 
50/50)
no
Figure 44 (e) *H nmr spectrum of the sample after 1 mins microwave irradiation ( v/v % = 
30/70)
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1 0
Figure 44 (f) XH nmr spectrum of the sample after 1 mins microwave irradiation ( v/v % = 
10/90)
10
Figure 44 (g) 2H (’H decoupled) nmr spectrum of the sample after 1 mins microwave 
irradiation (v/v % = 10/90)
The 1H nmr spectra (Figures 44 (b)-44 (h)) show the signals (at 6=7.35-7.41 
ppm) due to the ortho- and para- hydrogens gradually disappearing whilst the 
2H nmr spectrum (Figure 44 (g)) shows the appearance of a strong 2H signal at 
the corresponding position. In this particular compound it is possible to 
calculate the % deuterium incorporated by using the signal from the meta­
hydrogens (where no hydrogen isotope exchange occurs) as the standard.
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Table 35 shows the % deuteriation with solvent ratios. The % deuteriation 
results for N-methyl aniline hydrochloride (compound 5) are plotted in Figure
45.
Table 35. Results for compound 5 (N-methyl aniline hydrochloride salt)
with different ratios of D2O/DMSO-d6
Expt.
no
% Deuteriation 
in the ortho and 
para positions
Maximum
reaction
temperature
Solvent ratio 
(D20/DMS0-d6, v/v %)
Figure
no
11 No exchange 126 90/10 44(b)
12 32 148 70/30 44 (c)
13 73 145 50/50 44 (d)
14 93 169 30/70 44 (e)
15° 100 175 10/90 44(f)
b: accompanied by small amount of decomposition
Table 36. % Deuteriation Results for Compounds 3,4 and 7
Expt. no % deuteriation in the ortho 
position (%)b
Maximum reaction 
temperature (°C)
16 No exchange 146
17 7 148
18 14 148
19 22 148
20 64 198
21 57 168
22 78 00VO
23 13 143
24 36 143
25 13 172
26 17 172
27 64 178
28 3 136
29 6 136
30 3 149
31 28 166
32 54 173
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% Deuteriation with increasing 
DMSO-d6
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Figure 45. % Deuteriation in the ortho and para positions using different 
solvent ratios.
5.4 Discussion
Figure 42 shows the dramatic effect of changing the power input from 20% to 
100%, with N-methylaniline hydrochloride in D20  as solvent the maximum 
temperature can be reached in 20 seconds whilst at the lower setting this takes 
than 60 seconds. There is everything to be gained therefore by using the 
maximum power.
Figure 43 shows the very large differences in the rates of heating with different 
solvents. Non- or weakly-polar solvents (1,4-dioxane, dichloromethane, and 
chloroform) are very ineffective whilst dimethyl sulphoxide and dimethyl
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formamide are excellent solvents for microwave experiments; so also 
interesting to note that the maximum temperature achieved can be up to 36 °C 
higher than the boiling points. This super-heating can be of considerable use in 
organic synthesis.
The D20-DMS0-d6 ratio was changed from 90:10 (v/v) through to 10:90 (v/v) 
(Table 30) and the much higher temperature (Table 35) that can be achieved in 
the latter not only improves solubility but also the % deuteriation. In addition 
the pulses used fir irradiation can be reduced to 1 minute duration- this will 
probably have benefits in reducing the amount of decomposition that may 
occur.
These experiments show that after varying the solvent in a systematic manner 
considerable improvements in the rates of deuteriation can be observed. The 
use of the maximum power, together with D2 0 -DMS0 -d6 mixtures, and 1 
minute pulses can reduce the deuteriation times virtually ten-fold (Table 37). 
Such benefits can be transferred to other types of reaction.
Table 37. Summary of the % deuteriation results for
compounds 3,4,5 and 7
Compound as the 
hydrochloride salt 
(number)
Solvent
d 2o D20/DMS0-d6
Time
(mins)
% Deuteriation 
in the o and p  
potions (%)d
Time
(mins)
% Deuteriation 
in the o and p  
potions (%)
N-Methyl aniline
(5)
14 80 2 100
4,4’-Methylene 
dianiline (3)
32 90 2.5 78
4,4’-Sulfonyl 
dianiline (4)
20 85 2 64
p-Hydroxy aniline 
(7)
10 20 2 54
% deuteriation results are those given in Chapter 3.
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5.5 Conclusion
The microwave assisted acid-catalysed hydrogen/deuterium exchange reactions 
of a number of aromatic amines and heterocyclic compounds investigated. A 
large decrease in reaction times could be achieved by their conversion to the 
hydrochloride salts using D2O as the deuterium source (from many hours down 
to less than 30 mins). In all cases deuteriation was specific to the positions 
ortho and para to the amino group. In the short time required no hydrolysis 
products were observed. Hindered positions were also labelled. The method 
provides an easy and efficient procedure to perform deuterium labeling with 
excellent yields in very short times. Still further improvements were achieved 
when D20-DMS0-d6 mixtures were used. Higher polarity and superheating 
effects are believed to be responsible for the rate increases.
5.6 Future work
If more time were available it would be interesting to:
(a) reduce the microwave irradiation time still further using other solvent 
mixtures for example D20-propylene carbonate;
(b) carry out the reactions under solvent-free conditions, using a solid 
deuterium donar such as a deuteriated ionic liquid; and
(c) carry out the reactions using various drug candidates.
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